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Abstract
The experiments presented in this thesis investigated charge and spin dynamics 
within optoelectronic materials with long wavelength spectroscopy. The majority of 
the studies involved using a Free Electron Laser (FEL) to reach long wavelengths 
(~1 pm to -100 pm) with a high power. Several two-colour time resolved 
experiments with the FEL and a Ti:Sapphire laser have, also, been conducted.
Through the use of a double resonance technique it has been discovered that indium 
profile fluctuations cause inhomogeneous broadening of the PL in InAs/GaAs 
quantum dots. Annealing the dots was discovered to reduce this inhomogeneity.
Two experiments studied the dynamics of excitons within GaAs/AlGaAs quantum 
wells. The Dynamic Franz Keldysh Effect was observed by using an FEL to apply 
an intense THz field. By using time resolved spectroscopy the contention that 
observing PL at the exciton energy necessarily implies that excitons are present has 
been challenged. This showed the characteristic \s-\p  exciton absorption to be 
absent for at least 500 ps when excitons were created through continuum pumping, 
however, PL was observed at the exciton frequency with a rise time of only -  570 ps.
A high-pressure gas system was used to study the recombination mechanisms within 
InAs LEDs. It was found that Auger recombination mechanisms were dominant in 
type II structures while radiative recombination may be dominant in type I structures.
Spin dependent processes have been studied within GaAs/AlGaAs quantum wells in 
two ways. Firstly, using a circularly polarised pump beam to create a spin biased 
carrier population, then measuring an induced, Faraday rotation upon reflection from 
the sample lead to the conclusion that the D’yakonov-Perel spin relaxation 
mechanism was dominant. Secondly, the Circular Photocurrent Galvanic Effect and 
the Spin Galvanic Effect have been investigated. Both cause a current to flow due to 
a spin related asymmetry in the carrier distribution.
x
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Chapter 1
Introduction
1.1 Background
The original topic under consideration for the PhD project was using high-pressure 
techniques and time resolved spectroscopy to investigate electron dynamics in the 
recently conceived Quantum Cascade Laser devices. However, as time progressed, 
the scope broadened significantly. Whilst time resolved measurements have been a 
heavy feature of this work, in addition to charge dynamics, the spin dynamics of 
electrons have been studied too. Many and varied semiconductor heterostructures 
have been studied under various conditions, these include -  InAs/GaAs quantum 
dots, GaAs/AlGaAs quantum wells and InAs LEDs. Indeed, the original quantum 
cascade lasers have not been studied directly, but that which has been learnt about 
electron dynamics within quantum wells could be applied to their design and 
manufacture.
The experiments presented in this thesis are all connected by the fact that they 
involve light with wavelengths within the infrared regime. Approximately, this 
regime can be divided into near-infrared (shorter than 3 pm), mid-infrared (3 pm to 
20 pm) and far-infrared (longer than 20 pm) and, in fact, these experiments cover all
1
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Figure 1.1 A bsorption lines in the mid infrared regime caused by carbon dioxide (C 0 2) and water 
vapour (H 20 )  in the atmosphere.
three regimes from -1  pm up to -100  pm. The reason for using such a broad range 
o f wavelengths is that it allows both interband and intersubband transitions to be 
investigated directly in the various materials and structures mentioned previously. 
However, experimental issues related to the IR regime like atmospheric absorption 
(see Figure 1.1 for absorption lines in the mid-infrared), using parabolic mirrors 
instead o f lenses to focus the light and using detectors that are sensitive to such low 
photon energies are common to all three experiments despite the wide range of 
wavelengths involved.
1.2 Chapter Summary
The majority o f the experiments in this thesis have taken place in the Netherlands at 
a facility where a free electron laser is located. A free electron laser is an ideal 
research tool for conducting experiments in the infrared regime, however, since they 
are non-conventional lasers they will be discussed further in chapter 2 (L). In
2
Introduction
addition, the majority of the experiments involving this free electron laser also 
utilised a Ti: Sapphire laser system to perform simultaneous two-colour experiments. 
Further information on the technical issues of this procedure will also be discussed in 
chapter 2.
In Chapter 3 (Double-Resonance Spectroscopy of InAs/GaAs Self Assembled 
Quantum Dots) a novel technique of using a double resonance two colour experiment 
will be discussed. This technique enables the energy spacing of the quantised 
electron and hole states within neutral quantum dots to be measured simultaneously. 
Furthermore, with this ability it then becomes possible to investigate the cause of 
inhomogenous broadening of the PL within these dots. This chapter identifies one 
potential source of broadening and includes a method for reducing its effect within 
the dot samples.
Chapter 4 (Dynamic Franz Keldysh Effect) investigates the effect of an intense AC 
electric field upon excitons within a GaAs/AlGaAs quantum well. This effect occurs 
at the boundary of the Franz Keldysh Effect and the (multi) photon absorption 
regime and requires either a very long wavelength or an intense electric field. The 
Dutch free electron laser is capable of supplying both.
Continuing the study of exciton dynamics in GaAs quantum wells, Chapter 5 
(Geminate Exciton Dynamics) presents results from a time resolved investigation 
into the formation of excitons. A comparison is made between resonant excitation 
and continuum pumping as a method of creating excitons. Data is presented that 
calls into question the intuitive notion that a peak in the PL spectrum at the exciton 
frequency indicates a population of excitons.
A non two-colour experiment is presented next in Chapter 6 (The Effect of Pressure 
on the Radiative Efficiency of InAs Based LED) where the extremely useful 
technique of applying pressure to semiconductors to modify their band structure is 
used to investigate radiative and non-radiative recombination mechanisms within 
InAs based LED structures.
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A summary of the spin relaxation mechanisms possible in semiconductors is 
discussed in Chapter 7 (Spin Relaxation in GaAs/AlGaAs Quantum Wells). 
Furthermore, an experiment utilising the induced Faraday rotation effect is presented 
that indicates which of the mechanisms is the dominant mechanism for spin 
relaxation within the GaAs quantum well that was studied.
Finally, in Chapter 8 (Spin Galvanic Effect Due to Optical Spin Orientation) an 
intriguing effect in which a bias in the spin population within a GaAs quantum well 
can drive a current is discussed. Two phenomenologically similar effects are 
described there. They are the circular photogalvanic effect and the spin galvanic 
effect. A microscopic model describing the differences between the two is discussed 
and the results from an experiment that unambiguously separates both are presented.
4
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Laser Systems
2.1 Free Electron Lasers
2.1.1 Background
It was in the 1970s when John Madey and colleagues at Stanford University invented 
and developed the first Free Electron Laser (FEL) operating in the infrared regime.1,2 
Since then FELs have advanced in capabilities tremendously and they are now 
versatile, powerful sources of coherent radiation. Since FELs are high power lasers 
much research was conducted upon them for the purposes of President Ronald 
Reagan’s “Star Wars” defence program.3 The intense output beam was intended to 
be used to destroy ballistic missiles that were in flight towards their targets.
In this post cold war era FELs are used for completely different purposes as flexible, 
tuneable sources of coherent radiation for scientific, technological and medical 
research. Indeed, there are currently more than 30 FEL facilities in operation and 
development around the world, with more in development.4 Today such lasers are 
used for research in materials science, chemical technology, biophysical science,
5
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medical applications, surface studies, and solid-state physics. Free-electron lasers 
with higher average power and shorter wavelengths are under development. Future 
applications range from industrial processing of materials to light sources for soft 
and hard x-rays.
The FEL used for the experiments in this thesis was the Dutch free electron laser 
FELIX (Free Electron Laser for Infrared experiments) located in Nieuwegein, The 
Netherlands.5 FELIX’s beam time is now shared amongst different users from 
different countries and, in fact, was one of the first such user facilities to be set up in 
Europe.
2.1.2 Operation
In conventional laser systems electrons are bound strongly to atoms or molecules, 
however, as its name suggests, in an FEL so-called “free” electrons play an essential 
role. In fact, the electrons are not entirely free as they are confined within potential 
wells created by magnetic fields and the radiation produced is determined by the 
interaction of a relativistic electron beam with a spatially periodic magnetic field.
Like synchrotron X-ray sources, FELs take advantage of the fact that charged
Mirror
Undulator Magnets
Electron
Dump
Electron
Gun
Electron
Accelerator
Mirror
Figure 2.1 A schematic of the electron accelerator, undulator magnets and cavity that comprise 
FELIX.
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Figure 2.2 A view  o f the Dutch free electron laser, FELIX, looking back in the direction o f  the 
electron gun, showing the short-wavelength undulator in the foreground.
particles emit radiation when they change velocity. A pulsed beam o f relativistic 
electrons is produced by an electron gun, accelerated by a linear accelerator (LINAC) 
and injected into a resonant cavity formed from two high reflectivity mirrors. 
Surrounding this cavity is an arrangement o f alternating permanent magnets that 
creates an undulating magnetic field. This arrangement is shown schematically in 
Figure 2.1 and a photo o f the actual FEL itself is shown in Figure 2.2 for comparison. 
The magnetic field created by this undulator is such that electrons passing through it 
undergo a transverse “wiggling” motion (the undulator is sometimes called a 
wiggler) due to the Lorentz force.
The undulating path that the electrons take causes them to emit dipole radiation, 
however, due to the highly relativistic nature o f the electrons this radiation is the 
same as synchrotron radiation. The emission frequency will be determined by the 
oscillation frequency o f the dipole (determined by the undulator parameters), which 
is Doppler shifted by the relativistic motion o f the electrons (determined by the 
electron energy.) In addition to this Doppler shift, there will be an additional effect
7
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caused by the Lorentz contraction of the undulator period in the rest frame of the 
electron in comparison to the period in the laboratory frame.
Due to the two aforementioned factors the frequency of the emitted radiation (in the 
forward direction) is blue-shifted by a factor of where y is the Lorentz factor (a 
measure of the electron energy, ymc2),
r = - r = -  (2.D
The wavelength, Ao, of this “spontaneous” emission is given by the FEL resonance 
condition,6
A„(l + K 2)
A )  -  2 ^ 2  ’ (2-2)
where Au is the period of the undulator magnets in the laboratory frame and K is
dimensionless parameter proportional to the strength of the magnetic field, usually of
order unity. For FELIX the possible output wavelengths are in the IR range (4.5 pm 
-2 5 0  pm).7
This “spontaneous” radiation is reflected by the cavity mirrors and interacts with the 
electrons present in the cavity. Since the FELIX LINAC operates in pulsed mode, 
the electric field of the reflected optical pulses interacts with successive electron 
pulses as they traverse the optical cavity. The effect of this interaction is dependent 
on the position of the electron and the phase of the wave as it reaches the electron; 
some electrons lose energy to the optical field and others gain energy from the field. 
At the beginning of the undulator electrons emit radiation and thereby lose energy. 
Since the electron now has a lower energy it moves with a different phase with 
respect to the optical field and will now be able to reabsorb energy from the field. 
This reabsorption will reduce the overall gain and, as in all lasers, saturation occurs 
when the “material” gain is cancelled out by the round trip losses. In FELIX, 
saturation is reached at a power level around 10 to 100 million times that of the 
spontaneous emission.
Laser Systems
MACROPULSE
200 m s 10 |_Ls
MICROPULSE
Figure 2.3 FE LIX ’s output consists o f  short micropulses, which have a nominal duration o f ~ 1 ps and 
are separated by intervals o f  20 ns o f  zero intensity (50 MHz). The m icropulses form a train (the 
macropulse) with a duration o f around 10 ms. The macropulses are repeated every few  hundred ms, 
with a maximum repetition rate o f 10Hz.
2.1.3 Pulse Structure
The light emitted from FELIX has a very particular pulse structure, caused by the 
fact that the individual electron bunches generated by the LIN AC are created in 
trains o f “micropulses” lasting for several microseconds. These trains are called 
macropulses”. The optical output from the FEL approximates the electron pulse 
structure and is shown in Figure 2.3. Table 2.1 contains some further data on the 
pulse structure and the range o f possible values various parameters can take.
The gain dynamics of FELIX can also be changed by adjusting the degree o f overlap 
between the injected electron bunches and the emitted optical pulses. This process is 
called cavity desynchronisation and involves changing the optical path length o f the 
laser cavity. The amount o f cavity desynchronisation introduced determines the 
pulse lengths, the peak intensity and also the laser stability. A large amount of 
desynchronisation will cause the pulses (both macro and micro) to be long and have
9
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Wavelength Range 
Maximum Micropulse Energy
4 .5 -250  pm 
50 pJ
25 M Hz, 50 MHz or 1 GHz 
40, 20 or 1 ns 
<10 Hz
Micropulse Repetition Rate 
Micropulse Repetition Time 
Macropulse Repetition Rate
Table 2.1 Output specifications of the FELIX free electron laser.
low peak intensity. Additionally, sub pulses will form a few picoseconds before and 
after the main pulse when saturation is reached. Conversely, if the cavity 
desynchronisation is small the pulses will be shorter and have higher peak intensity, 
however, saturation will not be reached and there will be no sub pulses. Due to 
saturation not being reached, the pulse-to-pulse laser fluctuations will be greater in 
this regime.8
Overall, FELs have many advantageous properties, mainly due to unusual nature of 
the lasing medium used. Firstly, FELs have all of the advantages of vacuum tube 
devices. Radiation from an FEL is always totally polarised and has ideal, diffraction 
limited, dispersion, unlike the radiation from other powerful lasers.
Also, by altering various parameters it is possible to easily and broadly tune the 
wavelength of the emitted light as previously shown with equation 2.2. In fact, a 
particular design objective of FELIX was to be the first demonstration of rapid 
wavelength tunability (factor of two in minutes) in an FEL.6
Another advantage over conventional laser systems is that an FEL can attain a high 
level of peak output power. In conventional lasers any unused pumping power is 
dissipated in the active medium as heat and so removing this heat is the main limiting 
factor on the laser output power. In an FEL this is not an issue as the conversion of 
electron energy into radiation takes place in a vacuum and any unused pump power 
is carried away by the electron beam to the electron beam dump.
2.1.4 Advantages
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Since the pulse structure of the emitted radiation is related to the pulse structure of 
the injected electrons and LINACs are a well-understood technology, it is possible to 
have good control over the characteristics of the emitted laser pulses. In particular, 
it is possible to emit picosecond pulses with sub-picosecond jitter, this is ideal for 
studying ultrafast physical processes within semiconductors, for example.
Finally, as the gain medium is transparent at all wavelengths, in principle, an FEL 
can produce light of any wavelength. In practice, for a particular machine, there are 
limitations on the output range of wavelengths due to the electron gun and magnet 
configuration. With FELIX, however, it is still possible to produce light over the 
wide range o f4.5 -  250 |im.
2.2 Ti:Sapphire Lasers
2.2.1 Titanium Ion
In order to generate an extremely short pulse it is necessary to use a laser medium 
with an extremely large gain bandwidth since the Fourier transform of an ultrashort 
light pulse is spectrally very broad. As can be seen in Table 2.2 the laser material 
with the widest known gain bandwidth is titanium-doped sapphire.
Lasing Medium Gain Bandwidth
Argon ion 0 .7 x l0 '2nm
Ruby 0.2 nm
Nd3+/YAG 10 nm
Dye 100 nm
Ti: Sapphire 400 nm
Table 2.2 Gain bandwidths for some common lasing media.9
For this reason, one of the most commonly used gain media in the generation of 
ultrafast pulses within solid state lasers has been titanium doped aluminium oxide 
(Ti:Al20 3 or Ti:Sapphire). The Ti3+ ion substitutes for the Al3+ ion within the
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sapphire structure, though it is only 
weakly soluble with doping up to 
0.1% by weight.9
As can be seen in Figure 2.4, the
absorption band in the blue-green
region o f the visible spectrum is
unusually broad (400 -  650 nm), and
„ , „  . , 400 500 600 700 800 900 1000
it is perfectly placed to allow optical Wavelength nm
pumping with a blue-green argon-ion _. . . _. _
Figure 2.4 Ti:Sapphire absorption and emission
laser that can generate several watts sPectra
o f CW emission. In contrast, the
emission band o f Ti: Sapphire is shifted towards lower energies and is also
conveniently very broad (600 -  1050 nm). The broadness of the emission spectrum
enables the peak output wavelength to be tuned over a range o f wavelengths, or
alternatively allows ultrashort pulses to be generated with a large bandwidth.
Another advantage of using Ti:Sapphire as a gain medium results from the fact that 
at low temperatures synthetic sapphire has a thermal conductivity which is as high as 
that o f metals. This allows very high CW optical pump powers (~ 20 W) to be used, 
without damaging the gain medium.
These main advantages are all used in the experiments that follow in this thesis.
• Tunable peak output wavelength
• Broad pseudo-“white light” output spectrum
• Femtosecond pulse duration
• High peak power
2.2.2 Laser Specifications
Two Ti:Sapphire systems were used to perform the experiments in this thesis. The 
first system was a Mira 900 obtained from Coherent Inc. The Ti:Sapphire crystal 
was optically pumped with a Verdi 5 laser also from Coherent. The Verdi laser
Absorption Emission
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series consists of a diode pumped NdiVCL laser crystal outputting 5W CW at 532 
nm.
The output of this laser could be set to be either a pseudo white light pulse with a 
short pulse duration or a longer pulse with a narrower linewidth. Further information 
can be found in Table 2.3 and an example spectrum for each pulse duration can be 
seen in Figure 2.5.
Parameter Value
Pulse Duration 3 ps or 120 fs
Pulse Repetition Rate 75 MHz
Wavelength Range 700-850  nm
Average Power 500 mW
Table 2.3 Output specifications for the Mira 900 Ti:Sapphire laser.
The second laser system was used to produce ultrashort pulses with a duration of 
approximately 9 fs. This system was obtained from Femtolasers Produktions and 
was pumped with a Millenium V series solid state laser (a 10 W diode pumped 
Nd: VO4 system). Output specifications for this laser can be found in Table 2.4.
Parameter Value
Pulse Duration 9 fs
Pulse Repetition Rate 100 MHz
Wavelength Range 650 -  850 nm
Average Power 500 mW
Table 2.4 Output specifications for the Femtolasers Produktion Ti:Sapphire laser.
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Figure 2.5 Comparison o f two example output spectra for two different pulse durations available from 
the Ti:Sapphire laser systems.
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2.3 Two Colour Experiments
2.3.1 Basics
The main problem with performing two colour experiments with the two laser 
systems previously discussed is that they are both pulsed lasers. It is important that 
the two pulses are temporally overlapped and thus arrive at the sample at the same 
time. Of equal importance is that the pulses are also spatially overlapped and arrive 
at the same point on the sample.
Various methods were used to ensure that the pulses were both spatially and 
temporally overlapped when performing two colour experiments. These procedures 
will be discussed below, with spatial overlap discussed initially as it is easier to 
arrange, and is, indeed, necessary to determine temporal overlap.
It must also be kept in mind that the far-infrared (FIR) pulse from FELIX is of such a 
long wavelength that it cannot be viewed easily with many detectors (obviously 
including the naked eye.) Therefore, to allow for easy alignment a visible alignment 
laser was positioned to produce an alignment beam, which was collinear to the FIR 
beam. In contrast, the near-infrared (NIR) beam from the Ti:Sapphire was visible 
due to the portion of the output in the red part of the spectrum.
2.3.2 Spatial Overlap
In all the two colour experiments performed in this thesis off-axis parabolic mirrors 
were used to focus the diverging beams. In principle, if the two beams are parallel to 
each other and the axis of the parabolic mirror they will be brought to a geometric 
focus at the same point in space as their gaussian beam waists and will automatically 
be spatially overlapped. Figure 2.6 illustrates this geometric focus with three 
parallel, on-axis incoming beams.
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Figure 2.6 Schematic o f  a parabolic mirror focussing incoming beams.
In practice the optical focuses o f the two beams will be at differing points in space 
due to the differing divergence o f the two beams. Also, it is difficult to arrange for 
the two beams to be exactly parallel and therefore they may not cross in space at all.
The first step in this method is to find where in space the optical focus o f the FIR 
beam is, since this beam is more divergent and will have a wider focus. A 600 pm 
pinhole (approximately the same size as the focused FIR beam) is moved around in 
space until the maximum signal is detected on a pyroelectric detector behind the 
pinhole. The percentage o f the beam passing through is dependent on the 
wavelength o f the FIR beam and a smaller pinhole can be used if the FIR wavelength 
is much less than 100 pm.
The second step is to ensure that the NIR beam is passing through this pinhole as 
well. If it is not, small changes in the position o f some preceeding mirrors can be 
used to move the position of the beam. This moves the beam away from being 
parallel to the parabolic mirror’s axis and thus enlarges the spot size, however, since 
the NIR beam is less divergent than the FIR beam it will always have a smaller
16
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focus. As the FIR beam is used as a pump and the NIR beam is used as a probe in 
the experiments that follow in this thesis, it is useful to know that the Ti:Sapphire 
beam is focused to a smaller spot and, therefore, completely overlapped with the FIR 
beam.
2.3.3 Temporal Overlap
At this stage, it is important to check that the Ti: Sapphire laser is mode locked (in 
this case with Kerr lens mode-locking) and that it has been phase locked to FELIX. 
This ensures that there is a constant phase difference between the two pulses and is 
achieved with a phase locked loop that controls the Ti:Sapphire cavity length. Once 
spatial overlap had been found it is necessary to temporally overlap the two beams. 
Since both lasers are pulsed with short pulse durations this is non-trivial. The NIR 
beam is continuously pulsed at a certain frequency (75 or 100 MHz depending on the 
laser system used) with a pulse duration on the scale o f femtoseconds (-10  or -100  
fs), see Table 2.3 or Table 2.4 for more information. The FIR beam has a more 
complicated pulse structure, see Figure 2.3, consisting o f macropulses comprised of 
individual micropulses. In essence the FIR beam can be treated as a continuously 
pulsed laser with a repetition rate o f 25 or 50 MHz and a pulse duration o f around 1 
ps, see Table 2.1 for more information.
Ti:Sapphire — —X
laser
\
polarizer
variable
delay
<1 o>
rf- - A rf-phase — N FEL
clock r V shifter — ^
A/4 [
w ollaston  
prism  
balanced  
d etector
Figure 2.7 A schematic o f the set-up required to perform the overlap procedure.
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A small area Mercury Cadmium Telluride (MCT) detector is initially used to detect 
the two beams for rough temporal positioning. This detector can detect the FIR 
pulses with ease, but can only just detect the NIR pulses, despite their high peak 
power. Once the detector is positioned at the spatial overlap point it is possible to 
observe the position, in time, o f the two pulse trains and determine whether the NIR 
beam has to be advanced or retarded in time to temporally overlap with the FIR 
beam. This change in the temporal position o f the NIR beam is achieved by adding 
electronic delay into the “clock” (shown in Figure 2.7), which keeps the laser 
running at a constant repetition rate. The temporal resolution of the MCT detector is 
only ~ 0.5 ns and so it is not possible to achieve fine overlap through this technique.
The final step in this method is to obtain fine overlap. This is achieved through the 
use o f a 500 pm thick <110> orientated ZnTe crystal and the Pockels Effect.11 In 
general, the presence of an electric field (from the FIR beam) on a crystal will cause 
a change in the optical indicatrix, both in terms o f the principal indices o f refraction 
and in the orientation o f the indicatrix. This induced birefringence can then be 
probed by the Ti:Sapphire beam as it causes the linearly polarised probe beam to 
acquire a phase difference between the components parallel and perpendicular to the 
induced optical axis within the ZnTe crystal. After passing through the crystal the 
Ti:Sapphire beam will remain linearly polarised if the FIR was not present at the 
same time or become elliptically polarised if the FIR beam was present.
Figure 2.8 The polarisation o f the Ti:Sapphire beam (black) passing through a ZnTe crystal remains 
unchanged unless the FIR beam (red) is also present, whereupon it becomes elliptically polarised.
18
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This induced ellipticity can be detected through the 
use o f a quarter wave plate and a W ollaston prism. A 
W ollaston prism consists o f two orthogonal calcite 
prisms that are cemented together on their base.
Their optical axes lie perpendicular to each other and 
perpendicular to the direction o f propagation o f the 
incident light. Light striking the surface o f incidence 
at right angles is split in the first prism into an 
ordinary and an extraordinary ray that continue to 
propagate in the same direction. As the optical axis 
o f the second prism is perpendicular to that of the first, the ordinary ray becomes an 
extraordinary ray at the boundary surface and vice versa. This means that one ray is 
going from a low to a high refractive index and the other ray is going from a high to 
a low refractive index and, therefore, they are refracted in opposite directions.
By adding or removing length from the Ti:Sapphire’s optical path using a delay stage 
it is possible to fine tune the delay between the two beams over a range o f ~ 1 ns. 
When the two beams are temporally overlapped the polarisation o f the Ti: Sapphire 
will be changed as the electric field o f the FIR pulse modifies the birefringence o f the 
ZnTe crystal.
ZnTe A/4 BaF2 Lens
Crystal waveplate
Balanced
Detector
W oolaston
PrismBaF2 Lens BaF2 Lens
Figure 2.10 A rrangem ent o f components necessary to use balanced detection to detect the change in 
polarisation o f the probe beam.
ao
Figure 2.9 A schematic o f a 
W ollaston prism showing two 
separate polarisations emerging 
from the prism.
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The technique of balanced detection is used to detect the small rotation of the 
Ti: Sapphire beam. In this technique, a quarter wave plate is positioned to circularly 
polarise the linearly polarised Ti: Sapphire beam such that the two beams emerging 
from Wollaston prism are equal in intensity when the FIR beam is not present. 
These two output beams are directed into a balanced detector that takes the 
difference signal between the two inputs, as shown in Figure 2.10.
Therefore, when the delay is adjusted such that the two beams are temporally 
overlapped, the NIR beam will become elliptically polarised, the intensity of the two 
beams will no longer be equal and a signal will be produced from the detector. Once 
this signal is found, it is possible to go back and fine tune the spatial overlap to 
maximise this signal. This signal will be produced whenever the two beams are 
overlapped within the crystal and therefore a thinner ZnTe crystal (1 mm was used 
through out this thesis) will allow a better determination of the position of the 
overlap of the two focuses.
The temporal overlap signal is present over a range of delays (~ ps) between the two 
beams for several reasons. Firstly, there is a limitation due to the durations of the 
pulses; the FIR pulse is ~ 1 ps whereas the NIR is on the order of femtoseconds. 
Secondly, there exists some small of amount of jitter on the arrival time of each 
individual pulse that is of the order of picoseconds. It should be noted that the total 
jitter between the two lasers caused by the phase locking is approximately 1 ps 
FWHM over a time scale of several minutes.12
2.4 References
1 L. R. Elias, W. M. Fairbank, J. M. J. Madey, H. A. Schwettman, and T. I. Smith, 
Observation of Stimulated Emission of Radiation by Relativistic Electrons in a 
Spatially Periodic Transverse Magnetic Field, Phys. Rev. Lett. 36, 717 -  720 
(1976).
20
Laser Systems
2 D. A. G. Deacon, L. R. Elias, J. M. J. Madey, G. J. Ramian, H. A. Schwettman, 
and T. I. Smith, First Operation of a Free-Electron Laser, Phys. Rev. Lett. 38, 892 
-  894 (1977).
3 N. Patel, Shorter, brighter, better, Nature 415, 110-111 (2002).
4 The World Wide Web Virtual Library: Free Electron Lasers [online], 
http://sbfel3.ucsb.edu/www/vl fel.html (Sept. 2002).
5 D. Oepts, A. F. G. van der Meer and P. W. van Amersfoot, The Free-Electron- 
Laser User Facility FELIX, Infrared Phys. Technol. 36,297 -  308 (1995).
6 G. M. H. Knippels, The Short-Pulse Free-Electron Laser: Manipulation of the 
Gain Medium, Ph.D. Thesis, Vrije Universiteit Amsterdam (1996).
7 FOM Rijnhuizen > Molecule and Laser Physics > FELIX facility > IR sources 
[online], http://www.riinh.nl/n4/n3/n2/fl234.htm (Sept. 2002).
8 H. Pellemans, Free-electron laser studies of ni-V semiconductors, Ph.D. 
Thesis, Technische Universiteit Delft (1999).
9 C. Rulliere (Ed.), Femtosecond Laser Pulses, Berlin: Springer-Verlag (1998).
10 Molecular Expressions Microscopy Primer: Specialised Microscopy Techniques 
[online], http://micro.magnet.fsu.edu/primer/iava/lasers/tsunami/ (Oct. 2002).
11 X. Yan, A. M. MacLeod, W. A. Gillespie, G. M. H. Knippels, D. Oepts and A. F. 
G. van der Meer, Application of electro-optic sampling in FEL diagnostics, 
Nuclear Instruments and Methods in Physics Research A 475, 504 -  508 (2001).
21
Laser Systems
12 G. M. H Knippels, M. J. van de Pol, H. P. M. Pellemans, P. C. M. Planken and A. 
F. G. van der Meer, Two-color facility based on a broadly tunable infrared free- 
electron laser and a subpicosecond-synchronized 10-fs-Ti: Sapphire laser, Opt. 
Lett. 23, 1754-1756(1998).
22
Chapter 3
Double-Resonance 
Spectroscopy of InAs/GaAs Self 
Assembled Quantum Dots
3.1 Introduction
3.1.1 Background
As growth techniques become more advanced the quality of two dimensional 
semiconductor nanostructures (e.g. quantum wells and super lattices) is becoming 
higher and higher. In order to take full advantage of the effect of quantum 
confinement on electrons it would be better to move to one dimensional (quantum 
wires) or “zero” dimensional (quantum dots) structures. Unfortunately, growth 
techniques are not yet sufficiently advanced to allow the growth of an ensemble of 
identical nanoscale crystallites. There exists sufficient disparity between dots within 
an ensemble (as shown in Figure 3.1) to ensure that their electronic properties are 
slightly different, thus leading to inhomogenous broadening.
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Due to the quantum confinement in 
three dimensions, quantum dots have a 
singular density o f states (DOS), and, 
therefore, a ensemble o f identical dots 
would have a photoluminescence (PL) 
spectrum that contains only one
wavelength. Present day ensembles of 
quantum dots, however, do not have 
this advantage as there exists an
inhomogeneity within the dot
population. Presently, even the best PL 
linewidths are typically 15 to 20 meV 
wide, whereas the PL from single dots 
is o f the order o f |ieV.
There are several possibilities as to why the quantum dots in the ensemble are not 
identical, though the two main explanations are size fluctuations and composition 
fluctuations. If  the main source o f this inhomogeneity within the ensemble could be 
discovered it may then be possible to adjust the growth process to remove it. This 
would lead to the possibility o f growing quantum dots samples with more idealised 
properties.
Another factor preventing the utilisation of the full advantages o f quantum dots is the 
lack o f understanding o f the nature o f the excited states within the dot and the 
manner in which electrons relax down this ladder o f states.
3.1.2 Dot Growth
Heteroepitaxial crystal growth is usually described using terminology originally 
proposed by Bauer.2 There are two possible growth modes, Volmer-Weber (V-W) 
growth and Stranski-Krastinov (S-K) growth. In the V-W mode deposition o f a 
heteroepitaxial layer with surface energy greater than half the work o f adhesion 
creates three-dimensional islands on the substrate.3 In contrast, in S-K growth
200 jiaijoffielcrs
Figure 3.1 An illustration o f  the variety present in a 
dot ensemble (This scanning tunneling microscope 
image shows quantum dots made o f  indium 
arsenide and galium arsenide.)1
24
Double-Resonance Spectroscopy of InAs/GaAs Self Assembled Quantum Dots
deposition of a strained heteroepitaxial layer with a low surface energy forms a 
wetting layer prior to the formation of three-dimensional islands. Over ten years ago 
it was shown that islands in an S-K system could be fully coherent and, therefore, 
this growth mode could be used in the formation of quantum dots for optoelectronic 
purposes4
Heteroepitaxial growth, in the S-K mode, initially proceeds in a conventional layer- 
by-layer (i.e. two-dimensional) mode, however, once a critical thickness has been 
achieved the accumulation of elastic energy within the strained layer causes the 
nucleation of small islands of strained material. These self-assembled islands are 
typically around 50 -  300 A wide and 6 -  80 A high (depending on the material and 
growth conditions) with a size distribution of the order of 15%.5 These structures 
only exist within a narrow range of strained layer thickness. Below a critical 
thickness, only the wetting layer is present and no islands form. For thicknesses 
much above this the islands coalesce as misfit dislocations mediate a fast growth 
mode.
Now, as mentioned previously, to take full advantage of the properties of an 
ensemble of quantum dots, it is desirable that there is a narrow size distribution and 
high density of dots within the sample. It has been demonstrated that these features 
depend more strongly on the thickness of the strained film than on other growth 
parameters (substrate temperature, growth rate, etc)6 However, for quantum dots 
grown in alloy systems (e.g. InAs/GaAs7, InGaP/InP8 and GaSb/GaAs9) it is possible 
that identically sized dots are not actually identical due to varying chemical 
compositions. It is this possibility that has been investigated with the following 
experiments using annealed and unannealed InAs/GaAs self assembled quantum 
dots.
3.1.3 Applications
Quantum dots have many potential applications, for example: ultrahigh material 
gain, ultrafast gain recovery, enhanced interaction with FIR phonons (due to the
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control o f the sublevel energy spacing), electronic spectrum tunability, quantum 
computing and other situations in which the atomic like DOS is advantageous.
One successful current application o f quantum dots is in GaAs based Vertical Cavity 
Surface Emitting Lasers (VCSELs) for use at the telecommunications wavelength o f 
1.3 pm. Since quantum dots confine the carriers, leakage o f the carriers out o f the 
injection region is suppressed, resulting in very low threshold currents.10
Also, semiconductor quantum dots are an ideal candidate for a hardware system that 
could be used in a quantum computer. Excitonic excitations in the ground state can 
then be used as the basis of a two level system, i.e. a qubit11 as shown in Figure 3.2. 
Indeed, Rabi oscillations have been observed in the exciton population o f single 
quantum dots, thus showing the presence o f a two level system.12, 13, 14 In addition, 
the dephasing times at low temperatures in quantum dots have been shown to be of 
the order o f several hundred picoseconds, which is certainly long enough to allow a 
reasonable number o f operations to be carried out on the qubit.
7)a>
L U
Figure 3.2 Schematic o f  a two level system in a quantum dot which could act as a qubit that could be 
manipulated with a pulse o f light.
3.1.4 Double Resonance Experiment
Intraband spectroscopy has previously been attempted on quantum dots to probe the 
excited states,13,16,17,18,19,20,21 however, the method used in this thesis is different as
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it involves a double resonance technique. W ith this technique, it is possible to 
simultaneously measure the interband excitonic transition (within neutral dots) and 
the resonant electronic bound-bound intraband absorption.
Many o f the applications previously described require neutral dots and since 
coulombic interactions within «-type and p-type dots may strongly affect the 
transitions it is o f vital importance to study neutral dots. An additional benefit o f this 
is that it removes the necessity for two different samples (n-type and p-type) with 
potentially different dot populations.
Conduction Band o f the Surrounding Matrix
Infrared
Probe
Visible
Pump
(He:Ne)
PL
Valence Band o f  the Surrounding Matrix
Figure 3.3 Schematic diagram o f the double resonance experiment showing E l-H I , E2-H2 and E3-H3 
transitions within a quantum dot. The ladders o f  states are created by in-plane and out-of-plane 
confinement within the quantum dots.
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3.2 Theory
The double resonance technique is far-infrared modulated photoluminescence (FIR- 
MPL), which is analogous to optically detected cyclotron resonance (ODCR).22,23> 24 
The basis of this technique is in measuring the PL emitted from the sample and how 
this PL changes when FIR light from FELIX is also incident upon the sample.
The energy of the PL will depend on exactly which two energy levels are involved in 
the transition. As can be seen in Figure 3.3 several transitions are possible for 
excited states e.g. E l-H l, E2-H2 or E3-H3, depending on which bound states are 
involved. When the FIR light is resonant with the energy spacing of the conduction 
band states there will be a reduction in the population of the lowest electron state and 
^  corresponding increase in the population of the higher states as the electrons are 
excited up the ladder. This change in the electron populations will change the PL 
emission and effectively measure the E2-E1 energy separation. By measuring the PL 
and the FIR-MPL simultaneously it should be possible to calculate the E2-E1 and the 
H2-H1 energy separations.
A secondary consideration is the linewidth of the PL because, as previously 
mentioned, quantum dot ensembles show considerable inhomogeneity and 
discovering the cause of this broadening would be of great use. In the absence of any 
other broadening mechanisms (which is not the case as shall be seen) this FIR-MPL 
measurement would be able to distinguish between inhomogeneity in the dot spatial 
size and in the dot potential depth (i.e., composition), by analysing spectral holes 
burnt in the PL by the FIR.
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L
Figure 3.4 Ground and first excited states within the conduction band o f  a quantum well.
To describe the energy levels for a dot ensemble use the common approximations of 
a top-hat potential (see Figure 3.4) with high barriers and a disc-like spatial shape, 
although the end conclusion is not dependent on these approximations. The 
confinement energy in an infinitely deep rectangular potential well is
_ h2 (nn fE =
2 m l?
(3.1)
where m is the effective mass, L is the well width and n is an integer.
The valence and conduction band energy levels can then be determined through the 
following equations. The energy levels for the conduction band are
^  7 2 2 2 A  -h, 2 _  2/ m n ft TT.
(3.2)E lmn ~  E S +
/   2 I  
-y-H—t- 4 r
L L Lv *y *y 2 j 2m
and for the valence band
Ev -Imn
nr rr 2 _  2hzn
2m,
(3.3)
Eg is the bandgap energy, is the lateral dot size, L: is the vertical dot size, m*  is 
the electron effective mass, mC is the hole effective mass and /, m and n are integers.
In this experiment the two important energy values are the E1-E2 transition energy 
(see Figure 3.3) and the lowest PL energy from the E l-H l transition. The FIR 
energy is resonant when it is equal to the following energy (assuming the vertical dot 
size Lz is small compared to the lateral dot size Z^),
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and the PL energy is equal to the El-H l transition,
E - E  - E  + ( J _ V ; r 2
L2 + L2 \  * z 2m.
(3.5)
where m, is the reduced effective mass,
1 1 1 „  ~—r - —H — r- (3.6)
mr me mh
The PL energy is, therefore, affected by all the stochastic variables Lxy, Lz, and Eg
which are determined by dot size and composition. The energy separation of the 
lowest two conduction band levels varies likel/Z,^ and is not affected by the dot
height or composition. Also, this level separation is independent of the potential 
depth for low energy states within a well with high barriers as only levels near the 
top of the dot potential are sensitive to band offset.
This means that the choice of a particular FIR energy selects a particular lateral dot 
size only, and if lateral size fluctuations are the main source of inhomogeneity a 
spectral hole should be burnt into the PL, manifesting itself as a sharp MPL feature. 
If, however, other sources of inhomogeneity are present it would not be expected to 
see a spectral hole burnt into the PL spectrum with a particular choice of FIR energy.
3.3 Experiment
3.3.1 Samples
The samples used throughout this experiment contained one layer of InAs/GaAs self­
assembled quantum dots capped with a 10 nm layer of GaAs.25 These were grown 
using MBE at a low growth rate (0.01 monolayers per second for the InAs layer) at 
Imperial College, London. Sample A was left unannealed whilst sample B was 
annealed at 750°C for 10 s.
30
Double-Resonance Spectroscopy of InAs/GaAs Self Assembled Quantum Dots
Monochromator
Sample, on cold finger 
of He cryostat
Cooled Ge p-i-n 
detector
\
400mW/cm2 He:Ne 
for PL excitation
Figure 3.5 Schematic o f  the double resonance experiment, showing the incoming He:Ne excitation 
beam, FIR pump beam and the emitted photoluminescence.
3.3.2 Experimental Apparatus
The sample was mounted on the cold finger o f a liquid helium flow cryostat with a 
ZnSe window on the front and a polypropylene window on the rear. The ZnSe 
window is transparent over the range o f 0 .6 - 2 1  pm  which is sufficient to transmit 
the He:Ne pump beam (633 nm) and also the PL from the sample (~ 1 pm). The rear 
polypropylene window is transparent to longer wavelengths (>17 pm) and is ideal for 
allowing the FIR beam through.
The interband excitation was performed with a 0.4 Wcm"2 CW He:Ne laser, focussed 
on to the top surface o f the sample. As shown in Figure 3.5, the resulting PL was 
collected and focussed into a 0.25 m grating spectrometer and detected with a liquid 
nitrogen cooled Ge p-i-n diode. The FIR light was incident normal to the substrate 
side of the sample, and induced a change in the PL intensity. The FIR beam was 
unfocussed in order to avoid heating the sample unnecessarily and also to ensure that 
the entire region o f the sample that was undergoing excitation via the He:Ne and was
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emitting PL was also affected by the FIR light. The intensity was estimated to be 
- 1 0 16 photons/micropulse/cm'2, i.e. o f the order o f 106 photons per dot/micropulse.
The PL and the change in the PL due to the FIR pulses (i.e. the FIR-MPL) were 
collected simultaneously to ensure the correspondence o f features in each by 
monitoring both the DC and AC outputs o f the detector. Spectra were obtained by 
either scanning the spectrometer at a fixed FIR frequency or by scanning the FIR 
frequency at a fixed PL frequency.
3.4 Results
3.4.1 Unannealed Results
Measurements on the
unannealed samples showed 
that the FIR pumps electrons 
from the ground state up to 
the first excited state. This 
has the effect o f reducing the 
PL from the ground state and 
increasing that from the
excited state. Figure 3.6
shows the PL and MPL
spectra taken at fixed FEL
wavelength and at two 
excitation densities. The 
separation o f the two lowest 
PL lines is 68±1 meV and the
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Figure 3.6 Spectrom eter scans o f the M PL (a) and the PL (b) at a fixed FIR energy o f  65 meV. The 
solid red line in graph a is a  three Gaussian fit to the experimental data. The lowest energy Gaussian 
has a width o f 22 ±  1 meV. The dotted line in graph b is at a higher excitation density than the solid 
line and hence shows the PL from the excited states more clearly.
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Figure 3.7 A scan across the FIR photon energy of the unannealed dots at a fixed PL energy of 1046 
meV.
FWHM of the lower MPL state is 21±1 meV. As can be seen, the widths of the 
ground state MPL and PL features are the same. Changing the FIR wavelength 
changes the amplitudes of the transitions on the MPL spectrum but not the overall 
shape.
It was also observed that the width of the ground state FIR-MPL feature at fixed PL 
energies with varying FEL energy was also identical to the PL width. As shown in 
Figure 3.7 the feature is centred at 55±2 meV and has a FWHM of 21±1 meV. 
Along with the previously mentioned value of 68±1 meV for the PL peak spacing, 
this allows values for the electron-electron and hole-hole splittings to be assigned. 
The separation of the PL peaks corresponds to the difference in the E2-H2 and El- 
Hl transitions and the MPL peak energy corresponds to the E2-E1 transition.
A/zVpl = (E2 -  H2) -  (El -  HI)
= (E2 — E l) + (H\ - H2)
= AE + AH, (3.7)
and
/ t v  M P L  = E2 —  El
=  A E ,
Therefore, AE = 55±2 meV and AH=  13±2 meV.
(3.8)
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Figure 3.8 Theoretical double resonance tuning diagram (calculated by Dr. B. M urdin) for different 
distributions o f  dots having Gaussian spreads in width and height, a) W idth fluctuations only; b) equal 
amounts o f height and w idth fluctuation and c) height fluctuation only. The density o f dots with any 
given intersubband spacing (E2-E1) and interband spacing (E l-H l)  is shown as a gray-scale. The PL 
spectrum is found by integrating over the intersubband spacing, i.e. it is the projection o f  the 
distribution onto the x-axis, and is shown at the bottom o f  each panel. The distributions were all 
chosen to have the same PL width (FW H M  23meV). The M PL at fixed FIR  energy is found by 
transecting horizontally, and is shown at the top for E2-E1 = 5 5  meV, and the M PL at fixed PL energy 
is found by transecting vertically and is shown at the left for E l-H l = 1046 meV.
To analyse these results it is helpful to consider the double resonance tuning diagram 
in Figure 3.8. The figure shows a contour plot o f the number density o f dots with a 
given FIR resonance energy and a given PL energy. The calculations are based on 
cylindrical dots with a top-hat potential profile with Gaussian distributions for width 
and height (composition fluctuations are indistinguishable from height by their 
energies in this simple model as both will only affect the interband spacing and thus 
their effects will be indistinguishable). The MPL spectrum at a fixed FIR energy can 
be obtained by taking a cross section horizontally across the diagram. The MPL at a 
fixed PL energy can be obtained by taking a vertical cross section instead. The PL 
spectrum is obtained by integrating over FIR energy and in each case in Figure 3.8 
the FWHM of the PL is 23 meV so as to be comparable with the PL measured from 
this experiment.
Figure 3.8a shows sharp (compared to the PL width) MPL spectra would be expected 
in either direction if  the broadening mechanism were dominated by lateral dot size 
fluctuations. Figure 3.8b shows that MPL spectra with a width of approximately half 
the width o f the PL would be expected (in either direction) if dot height and width 
fluctuations were the cause o f the broadening. In Figure 3.8c only height
a) Dot width fluctuation
80
b) Dot height & width c) Dot height fluctuation
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fluctuations are considered and a sharp MPL spectrum would be expected at a fixed 
PL energy, but not at a fixed FIR energy.
Experimentally it was seen that the widths of the PL, MPL at fixed FIR energy and 
the MPL at a fixed PL energy were all equal at 21 meV. This absence of spectral 
holes cannot be explained by any combination of height and width fluctuations 
shown in Figure 3.8. Indeed, a circular distribution of dot densities would be 
required in Figure 3.8 to give all three spectra the same width. This implies that 
fluctuations in size and potential depth are not solely responsible for the 
inhomogeneous line width.
3.4.2 Spectral Holes in Annealed Dots
When the samples are annealed, the PL shifts to higher energy, from 1046 meV to 
1375 meV, as shown in Figure 3.9. This is due to the diffusion of the indium,
C O+-*
c
3
— MPL 17.5 meV-
-  - MPL 20.5 meV 
-■ PL
05
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_ ]
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1.36 1.37 1.38 1.39 1.40
Energy, eV
Figure 3.9 The PL spectrum of the annealed dots is shown as the dotted line, and the MPL spectra at 
fixed FIR photon energy are shown for two values of the FIR energy as solid and dashed lines. The 
PL was collected simultaneously with the MPL to ensure correspondence, and was identical in each of 
the two cases. Fitting with Gaussian line-shapes gives line-centres 1374.6, 1377.5 and 1378.0 (± 0.2) 
meV and full widths at half maximum 12.2, 8.4 and 7.7 (± 0.4) meV respectively for the PL, the MPL 
at E2-E1 -  17.5 meV, and MPL at E2-E1 = 20.5 meV.
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creating larger dots with the same total amount of indium and therefore a lower 
indium concentration. In addition, the PL is sharper (the FWHM drops from 23 meV 
to 12 meV).
The MPL spectra at fixed FIR photon energy are now 30% narrower than the PL at 
8 meV, i.e. we now see a spectral hole in the PL burnt by the FIR. Furthermore, the 
MPL centre blue shifts by about 0.5 meV when the FIR energy is blue-shifted by 3 
meV.
3.5 Conclusion
In summary, it has been shown using near/far-infrared (i.e. inter/intraband) double 
resonance spectroscopy that the unannealed quantum dots show no spectral holes, 
but that the annealed quantum dots do. The equal widths of the spectra (PL, MPL at 
fixed FIR energy and the MPL at a fixed PL energy) within the unannealed sample 
would require a circular distribution in Figure 3.8. This distribution could only be 
explained by a mechanism that affects the FIR and PL resonance frequencies in 
uncorrelated or orthogonal ways.
In addition, the results from the quantum dots after annealing are now more 
consistent with a size and composition fluctuation dominated inhomogeneity with 
equal contributions from width and height/composition similar to that shown in 
Figure 3.8b. By “equal” it is meant that the PL linewidth would shrink to the same 
value if either one of the width or the height/composition fluctuations were switched 
off.
Since unannealed quantum dots do not show a spectral hole it seems that there exists 
at least one source of inhomogenous broadening that can be removed by annealed the 
sample. The broadening mechanism is believed to be due to an uneven indium 
distribution and/or anisotropies across each quantum dot. The process of annealing 
would tend to smooth out this roughness in the indium distribution and thereby leave 
width/height fluctuations as the remaining sources of inhomogeneity within the 
sample.
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Finally, the double resonance technique of measuring the energy level spacings 
within quantum dots has shown its usefulness by allowing the separation of the 
lowest electronic states and corresponding hole states to be measured simultaneously 
within a neutral quantum dot. In the (unannealed) sample considered in this 
experiment, these values are: E2-E1 =55 meV and H2-H1 = 13 meV.
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Chapter 4
Dynamic Franz Keldysh Effect
4.1 Introduction
4.1.1 Terahertz Gap
Up until recently there existed a gap in the electromagnetic spectrum in the terahertz 
frequency range within which bright emitters and sensitive detectors did not exist. 
This so-called Terahertz gap (see Figure 4.1) covers a range from around 30 THz (10 
pm) down to approximately 100 GHz (3 mm). The “short” wavelength limit is 
within the infrared frequencies previously mentioned in section 1.1 whereas the
Visiblei'lnfrared Mobile R adio
la ser s  p h o n e s  W a v e s
■crahortz " g a p '
Figure 4.1 A diagram o f  the electrom agnetic spectrum showing the location o f the terahertz gap .1
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second limit is close to the microwave frequencies within which mobile phones and 
satellite telecommunications work. Thermal effects have prevented laser diodes 
from reaching such long wavelengths and conventional microwave sources do not 
work at high enough frequencies in order to cover the gap.
4.1.2 Applications of THz Radiation
A great interest exists in terahertz 
radiation for one main reason; many 
common materials (including living 
tissue) are semi-transparent to 
terahertz light. This permits 
terahertz light to be used to image,
, Figure 4.2 A comparison o f a visible image o f a human
identify and analyse materials tooth (left) with a false colour terahertz absorption
through their distinctive terahertz (right) c le r fy  showing a  cav,ty (purple) wh.ch
°  cannot be seen in the visible image.
“finger print”, i.e. vibrational
absorption spectrum, e.g. in pharmaceutical characterisation. THz frequencies are 
absorbed by water, and can be used to detect small changes in the water content 
characteristic of, for example, skin cancers. O f course like other forms o f radiation it 
is sensitive to refractive index, and this too can be used as a contrast mechanism in, 
say, dental imaging o f cavities (Figure 4.2), and non-destructive testing o f electronic 
component packages. Finally, it is also possible for THz radiation to be used in a 
security system for scanning objects. Generally, it can be used for applications in 
which, currently, x-rays (1018 Hz) are used, however, it is superior as it is non­
ionising and can be used at relatively low power levels, thus increasing its safety.
Very recently, advances in ultra-fast pulsed laser technology have led to the 
generation and detection o f broad bandwidth Terahertz light for the first time. This 
dramatic advance was made possible by applying new concepts in semiconductor 
physics to these commercially available laser systems.
We have concentrated on extending optical applications down in frequency (up in
wavelength) to the THz region, but the converse is equally important, namely to
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extend electronic devices up in frequency. An important component of fast electrical 
and optoelectronic devices is the switch, and it is desired that the rise and fall times 
are in the THz frequency range. Current state of the art non-linear switches rely on 
interband optical excitation, which can be done on the required picosecond 
timescales, but the resultant electron-hole pairs typically recombine on a nanosecond 
timescale, limiting the “latency” to Gigahertz. The following experiments describe a 
non-linear effect with zero latency and ultrafast switching times, which may have 
uses in Terahertz switching processes.
4.1.3 The Dynamic Franz Keldysh Effect
By shining an intense laser onto a sample, it is possible to reach a regime in which 
the optical field cannot be modelled as a perturbation upon the static crystal field. 
Phenomena resulting from this have been observed in atomic physics, however, the 
required field strengths are extremely high.2, 3 An example of this type of non- 
perturbative process is the AC Stark Effect. As excitons (coulombically bound 
electron-hole pairs) in semiconductors are analogous to hydrogen atoms, it should be 
possible to observe similar effects in semiconductor systems.
There are essentially two regimes of this type of effect, which are characterised by 
the drive frequency and the ponderomotive energy. This ponderomotive energy is 
the mean kinetic energy of a particle of mass m and charge e in an electric field 
Fth£ os((DihzO and can be expressed as
2 7“12
F _ e THz SA 1 X
ponderomotive . 2 ' v /
4 ni(DTHz
In the high field, low frequency regime the system adiabatically follows the field and 
tunnelling ionisation may occur, and this is the (DC) Franz Keldysh effect.4,5 At 
high frequencies or low fields photon absorption (or multi-photon absorption) occurs. 
The most interesting effects are to be seen between these two regimes (see Figure 
4.3) when E p o n d e r o m o t i v e  ~ thz- Under these conditions the oscillators essentially 
beat back and forth between the bound and free states in a process known as the 
Dynamical Franz Keldysh Effect (DFKE). This effect is most pronounced when the
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Figure 4.3 Relation between the photon absorption (short wavelength, low intensity) and Franz 
Keldysh (long wavelength, high field) regimes. The Dynamic Franz Keldysh Effect is located on the 
boundary between the two.
drive photon energy, the ponderomotive energy and a transition energy o f the system 
(in our case the ionisation energy o f the exciton) are all in resonance.
It therefore follows that unless long wavelengths are used, very high intensities are 
needed to observe this effect. In a semiconductor the ponderomotive potential 
energy scales with the effective mass, and since this mass is much less than the free 
mass, this brings the required electric field down by comparison with that which 
would be required in atoms. Additionally, the binding energies are around meV 
(THz), which is much weaker than in atoms where they are in the eV regime. This 
means that with the aid o f a Free Electron Laser (FEL), for example, similarly 
extreme regimes can be obtained with a field several orders o f magnitude low er6,7> 8
Finally, in semiconductors the exciton may be created instantaneously by an optical 
pulse, unlike atomic systems where this is not the case. The semiconductor is 
therefore a very interesting laboratory to study these non-linear non-perturbative 
effects, and the far-infrared free-electron laser is an ideal source for the provision of 
intense AC electric fields. The first attempt made to study this type o f effect used a 
far-IR quasi-c.w. FEL and a very weak shift o f the excitonic absorption was
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observed.6 A pulsed laser is a better choice as it allows a higher intensity field to be 
achieved without consequently increasing the average power such that the sample is 
damaged. In addition, FELIX is particularly suitable for these experiments as it 
offers a much longer wavelength than other pulsed lasers and a higher intensity than 
quasi-c.w. lasers.
4.2 Theory
In this experiment a Ti: Sapphire laser was used to generate the excitons and measure 
the change in the reflectivity spectrum o f a GaAs/AlGaAs quantum well sample 
caused by the incident THz field. The incident interband Ti:Sapphire pulse creates 
electron-hole pairs within the semiconductor. These excitons are accelerated 
backwards and forwards by the AC (THz frequency) electric field o f the FEL. 
W hilst this is happening the exciton wavepackets interfere with themselves to 
produce complicated structure after the initial incidence o f the FEL pulse.
A B
Figure 4.4 Examples o f the exciton wavepacket after t = 1 ps (A), 2 ps (B), 3 ps (C) and 4 ps (D) as 
calculated by Dr. S. Hughes whilst at the University o f Surrey. The centre o f each diagram (r  = 0) is 
the location o f  the exciton at t = 0 and the colour indicates the probability o f  finding the electron at 
position r  after time t. The diagrams are on a scale o f ±20 in units o f  the exciton Bohr radius.
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The exciton wavepacket dynamics (i.e. the impulse response) as shown in Figure 4.4 
can be converted into a useful spectrum by Fourier transforming its amplitude at r = 
0 (where r is the coordinate o f the electron relative to the hole) from the time domain 
into the frequency domain. This real space approach is rarely used when examining 
optical properties because the optical polarisation is determined only by the 
polarisation at r = 0, but it is more natural when dealing with more slowly varying 
electromagnetic fields, such as the THz field under consideration here. Absorption 
and reflection spectra were produced, both with and without the THz field and are 
shown in Figure 4.5. As the experiment would essentially be measuring the 
modulated reflectivity, this was also calculated. Unfortunately, these theoretical 
spectra have been calculated for an incident AC field of 1 TFIz, whereas the 
experimental conditions were at 2.5 THz.
1000
3  100
With THz 
Without THz
Cl
-40 -20 0 20 40
Energy, meV
Figure 4.5 Theoretical absorption, reflectivity and modulated reflectivity spectra (also calculated by 
Dr. S. Hughes), relative to the exciton confinement energy, with a 1 THz field and without a THz 
fie ld .10
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The time dependent polarisation at r  = 0 has a rather complex structure, but the 
Fourier Transform (FT) easily gives the optical frequency response. The structure 
gives rise to new side-bands appearing in the spectrum. Without the THz drive field 
the FT of the wavepacket dynamic gives the usual sharp Is exciton feature, and a 
broad continuum at higher energy due to states that are free in the growth plane. It 
should be noted that these spectra are averaged over all phases between the two (FIR 
THz beam and the exciton creating Ti: Sapphire beam) beams. Larger signals would 
be seen if a particular phase was maintained between the THz field and the 
Ti: Sapphire probe beam, however, as will be seen later, it was not possible to 
maintain the phase to the required level of precision. Fortunately, the effect does not 
average to zero and so a signal still exists to be observed.
Further theoretical spectra were calculated by Dr. C. Dent (from Heriot-Watt 
University) by generalising the well-known semiconductor Bloch equations to 
include the THz field.11, 12 The first set of spectra, shown in Figure 4.6, are 
absorption coefficient spectra for a range of THz driving field strengths at a fixed 
frequency of 3 THz. The dephasing linewidth was set to 3 ps (full linewidth at half 
maximum T = 0.6 meV), which is much narrower than we expect experimentally, in 
order to better resolve the features.
The small feature near the continuum edge that is present with even with a weak 
driving field is the 2s exciton. However, as the drive field is switched on, new 
features, in addition to the main Is exciton absorption, have appeared due to the THz 
pulse and are located above and below the continuum edge displaced by the THz 
photon energy (3 THz = \2  meV). The sideband near to the Is exciton is resonantly 
enhanced. As the electric field is increased, oscillator strength is transferred from the 
exciton to the sidebands. The exciton lines also broaden with increasing field. 
Finally, the position of the sidebands and both the exciton features all blue-shift very 
slightly with increasing field.
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Figure 4.6 Theoretical absorption spectra, as a function o f increasing THz drive field strength for a 
fixed frequency o f  3 THz. Dephasing has been included here with a long lifetime o f 3ps in order to 
better resolve the features. The curves have been offset for clarity.
When a shorter dephasing time o f 0.6 ps is used instead the broadening makes the 
sideband unresolved which also causes the exciton peak to appear to shift to the red 
or blue depending on which side the sideband occurs. For the THz drive frequency 
used in Figure 4.6, which corresponds to a photon energy o f 12meV, the sideband 
has been generated on the red side o f the exciton peak. These very small and difficult 
to resolve sub-meV shifts were first observed by Nordstrom et a l 6
Also calculated were theoretical spectra, shown in Figure 4.7, for a range o f THz 
drive frequencies for a fixed field strength o f 6 K V cm '1. Again it can be seen that 
the sidebands are separated by an amount approximately equal to the TFIz photon 
energy from the edge of the continuum of free states. Therefore, the spacing
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Figure 4.7 Theoretical absorption spectra as a function o f TH z frequency for a fixed drive field 
strength o f 6 kV/cm. D ephasing has been included here w ith a long lifetime o f  3ps in order to better 
resolve the features. The curves have been offset for clarity.
between the exciton and the sideband corresponds to the difference between the 
photon energy o f the drive field and the exciton binding energy. The separation also 
depends on the electric field strength. In addition, the sideband nearest to the exciton 
is resonantly enhanced, and anti-crosses with the exciton as the frequency is varied.
For this reason the effects are strongest when the drive frequency corresponds to the 
energy scale o f the system as asserted previously. At high frequencies such that the 
photon energy is much greater than the binding energy, the features are very similar 
to those described in Figure 4.6. As the frequency is reduced the strength o f the 
sidebands increases and they broaden, while the peaks at both the band edge and the 
exciton are reduced.
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All of these calculations has been made for GaAs/AlGaAs quantum wells because 
this material provides the best quantum wells with the smallest linewidths within the 
range of the Ti:sapphire laser. Unfortunately, the substrate of such wells, GaAs, will 
absorb any light at the wavelengths needed, and thus any experiment must use 
reflection rather than transmission. To relate reflectivity and absorption data it is 
necessary to use a Kramers Kronig transform which is discussed in the appendix 
(section 10) Reflectivity Theory.
4.3 Experiment
4.3.1 Experimental Apparatus
The basis of the experiment was to use an FEL (THz beam), in conjunction with a 
Ti: Sapphire laser, to observe the structure induced in the reflectivity spectrum of a 
GaAs/AlGaAs quantum well sample. The Ti:Sapphire system used was the 
Femtolasers Produktion laser capable of producing 9 fs (bandwidth ~ 200 meV) 
pulses (see Table 2.4 for output parameters) in order that the time resolution would 
be as fine as possible. A sample output spectrum for such an ultrashort pulse is 
shown in Figure 2.5.
The sample was mounted in a vacuum on the cold finger of a liquid helium flow 
cryostat and cooled to 4.3 K. The cooling was required to shift the bandgap of the 
quantum well to within the output spectrum of the Ti: Sapphire laser. The far- 
infrared (FIR) from the FEL was at normal incidence and focussed with an off-axis 
parabolic mirror. At 2.5 THz (A, = 120 pm, hx> = 10 meV) the spot size was 600 pm. 
The 1 pJ far-IR pulses are approximately bandwidth limited, and were approximately 
10 optical cycles long. This corresponds to an intensity of I  = 17 MWcm'2. The 
intensity is related to the electric field by I  = E2IZ where Z = ZJn, Z0 is the 
impedance of free space (377 Q) and n is the refractive index for GaAs. Losses due 
to reflection at windows, dispersion, etc are estimated to be about a factor of 3 in 
electric field, giving a maximum electric field in the sample of 14 kVcm'1. The 
absolute systematic error in this value is large, up to a factor of 2. Further
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attenuation was achieved with calibrated attenuators o f 3dB and lOdB in intensity 
(factors of 0.7 and 0.3 in field amplitude).
The process o f spatially and temporally overlapping the Ti: Sapphire probe beam with 
the THz beam from the FEL was carried out as detailed in chapter 2 (Laser Systems) 
o f this thesis. Additionally, by splitting the Ti:Sapphire beam into a reference beam 
(not overlapped with the THz pulse) and a probe beam (overlapped with the THz 
pulse) it was possible to measure the reflectivity change directly and thus reduce any 
errors caused by laser power fluctuation and mirror loss.
After reflecting from the sample, these two beams were both collected and passed 
through the same spectrometer (0.25 m grating spectrometer). It was necessary to 
use wide slits on this spectrometer in order to increase the signal to noise ratio and 
this is the main limiting factor in the spectral resolution of the data. After passing 
through the spectrometer the two beams were then directed onto a balanced detector 
consisting o f two matched silicon p-i-n diodes. These diodes were connected to a 
differential amplifier such that the change in the reflectivity due to the THz field 
could be measured directly. This arrangement o f the beams is shown in Figure 4.8.
Balanced
Detector
Spectrometer
  TH zPum p
Ti:Sapphire Probe 
Ti:Sapphire Reference
Figure 4.8 Schematic o f  the two colour modulated reflectivity experiment showing the TH z pump 
beam overlapping with the Ti:Sapphire probe beam but not the Ti:Sapphire reference beam. The probe 
and reference beams were sent through the spectrometer along the same beam path (unlike in the 
diagram) using cylindrical lenses. After reflecting from the sam ple the difference between these two 
beams was measured with a balanced detector.
Sample
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4.3.2 Sample
The sample used in this experiment was a set o f GaAs/AlGaAs quantum wells with a 
structure as shown in Figure 4.9. This sample was grown by Klaus Kohler at the 
Fraunhofer Institute, Freiburg and has a very well defined PL with a linewidth o f 1 
meV. It should be noted that the theory was produced assuming a dephasing time of 
3 ps to ensure that the features were clear and that this dephasing time is equivalent 
to a linewidth o f ~ 0.5 meV.
GaAs 50A
AlGaAs 120 A
GaAs 120 A
AlGaAs 120 A
AlGaAs 4000A
GaAs 10A
AlGaAs 100 A
GaAs 3000A
GaAs
Figure 4.9 GaAs/AlGaAs multiple quantum well sample used to investigate the D ynam ic Franz 
Keldysh Effect.
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4.4 Results and Discussion
4.4.1 Initial Results
After averaging (40 individual scans) for a long period of time in order to increase 
the signal to noise ratio a reflectivity spectrum was obtained at 120 pm (see Figure 
4.9). At higher energies, this spectrum exhibits some oscillatory type features that 
were present in the theoretical reflectivity spectrum, however, there was also a large 
induced reduction in the reflectivity at 1.48 eV, which is below the bandgap of the 
bulk GaAs. The errors on the graph are produced from the statistical variations in 
each individual scan. Since it can be seen that the errors are larger at the point of the 
large induced reflectivity change and this is indicative of a non-linear effect; small 
fluctuations in the FEL power will lead to larger changes in the response and thus a 
larger error.
Reflected Signal
FEL-1 2 0  pm;
■o
-10
-12
1.45 1.50 1.55 1.60
Energy, eV
Figure 4.10 Initial AR/R reflectivity spectrum (obtained by scanning the spectrometer) of the 
GaAs/AlGaAs multiple quantum well sample when illuminated with 2.5 THz (120 pm) radiation.
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Figure 4.11 A comparison o f the reflectivity change induced with 2.5 THz radiation for the top surface 
o f  the quantum well sample and the GaAs substrate bottom surface.
The source o f this large sub-bandgap induced reduction in the reflectivity was 
determined to be the Franz Keldysh Effect from the bulk GaAs as the signal was still 
present when the sample was flipped over (see Figure 4.11) and the experiment was 
repeated on the substrate. Induced absorption and refractive index changes below the 
bandgap may be characteristic o f the dynamical and static Franz-Keldysh effects.
4.4.2 Attenuation
Scans with less averaging were also taken under varying experimental conditions, 
though the most dramatic change was when the FEL was attenuated. The sub- 
bandgap induced reflectivity decrease became less prominent as the FEL power was 
reduced, as shown in Figure 4.12. This feature can be explained as a Franz Keldysh 
Effect from the bulk material. The presence o f an electric field allows a tunnelling 
assisted transition from an electronic state to a hole state with a lower energy 
difference than the band gap. Increasing the electric field strength (reduced 
attenuation) red shifts this transition energy as shown in Figure 4.12. Since the main 
point o f interest for this experiment was the quantum well and not the bulk, this 
feature will not be considered further.
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Figure 4.12 TH z induced change in the reflectivity spectrum at 2.5 THz and 14 kV cm '1 (bottom ), 10 
kVcm"1 (m iddle) and 4 kV"1 (top). In each case 2 scans (green and red) are shown to indicate the 
signal to noise. The average signal is shown (blue solid line). The data are offset for clarity and have 
been scaled by 2.5 above 1.52 eV to allow  the smaller features to be seen.
More importantly, the quantum well features also change with power. The first 
trough deepens and the second peak increases with power. See Figure 4.6 for the 
theoretical absorption spectra varying with THz field strength where the lowest 
sideband increases in strength with intensity, and the exciton decreases in strength. It 
is difficult to draw a precise conclusion from the correspondence o f the measured 
reflection and the calculated absorption features, but in general reflectivity signals 
appear differential in shape (see Figure 10.3 in the appendix) where features appear 
in the absorption spectrum.
We have not attempted to make a direct fit o f the data due to its low resolution and 
low signal to noise, which was necessitated by the very low signal size and hence 
wide slits o f the spectrometer. However, the separation o f the differential feature 
(1.535 eV) and the higher energy feature (1.550 eV) is similar to twice the photon 
energy (10 meV) o f the drive field (the separation between the two sidebands 
observed in the theory graphs, Figure 4.6 and Figure 4.7), though it should be 
stressed again that the separation o f sidebands in the theoretical spectra depends also 
on the electric field. Indeed, it can also be seen that the peak-to-trough energy
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separation o f the differential feature increases with field, and is indicative o f an 
increasing shift with field.
4.4.3 Wavelength
Attempts to measure the response as a function of THz frequency were not 
successful, due to the difficulty o f maintaining all other parameters (intensity, spot 
size, time synchronisation, pulse shape etc) fixed. For an example see Figure 4.13 
which shows spectra for three THz frequencies - 4 THz, 2.95 THz and 2.94 THz. It 
can be seen that even a slight change in the peak wavelength o f FELIX can change 
the signal to noise ratio drastically, thus making it very difficult to experimentally 
confirm the theoretical prediction o f varying the THz field as shown in Figure 4.7.
75 pm, 4.00 THz-
oQ)>4—0
cr
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n  > r i  1 i ' r
t _ L
101.5 m ,  2.95 THz-i 
j  i i i i i i i i______
1.45 1.50 1.55
Energy, eV
Figure 4.13 Example spectra with varying TH z frequencies. Note the large change in signal to noise 
upon a relatively small change in the THz frequency from  2.94 TH z to 2.95 THz.
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4.4.4 Time Resolved
Using a delay stage to change the arrive time of the Ti:Sapphire pulses the response 
o f the system as a function o f time was measured, in order to verify the prediction of 
zero latency. The spectrometer was set to a fixed wavelength within the region of 
interest, and the THz induced change in reflectivity as a function o f the time delay 
between the THz and Ti:sapphire pulses was measured. The slits on the 
spectrometer were set fairly wide to decrease the data collection time and gave a 
resolution o f ±5 nm. The results are shown below in Figure 4.14, and the shape of 
the response is approximately symmetric. Since, the Ti:sapphire pulse is much 
shorter and the jitter between the THz and Ti:sapphire pulses is o f the order or 3 ps, 
the fact that the results are symmetric indicates that the disappearance o f the effect is 
at least as fast as the THz pulse duration. That duration, estimated from this figure is 
about 40 ps full width at half maximum, and corresponds well with the THz pulse 
duration estimated from the spectral width (assuming time-bandwidth limited 
pulses).
At this point, for contrast, the result o f a similar measurement on a related 
experiment made when pumping with the THz tuned resonantly onto the 
intersubband absorption of a doped multi-quantum well (see section 7.3.1 for details
Delay Time, ps
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Figure 4.14 A time decay curve for the exitonic features shown in Figure 4.12 along with a fitted 
Gaussian.
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Sample G122 - Ti:Sapphire 805nm - FELIX 52.6pm
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Figure 4.15 A time decay from a separate (but related) experiment showing an electron lifetim e o f the 
order o f  60 ps after undergoing intersubband excitation from the FEL.
on this sample) is of interest. The intersubband energy gave a pump-wavelength of 
52.6 pm, where FELIX has a much shorter pulse duration. In this experiment the 
doping electrons can resonantly absorb the FIR radiation, and the measured decay 
shows that the lifetime is o f the order of 60 ps (Figure 4.15). This is o f the same 
order as the pulse duration in the DFKE experiment. This indicates that even if the 
excitons in the DFKE experiment were to be resonantly heated, the relaxation time 
would be short enough to ensure the latency time is minimal.
4.4.5 Wavelength Bandwidth of the Probe
In order to reduce the bandwidth o f the Ti:Sapphire pulses (and also increase the 
pulse duration) the Femtolaser Produktion system was replaced with the Mira 900 
system in 120 fs mode (see Table 2.3 for more information). The DFKE is a highly 
non-linear effect, and changing the pulse bandwidth should in principle give different 
results. In addition, it should reduce the number o f free carriers generated, which 
might be confusing the results. A dataset showing results around 1.51 eV is shown
■ Averaged -000608.063-068
i i I i i i i I i i i i I i i i i l i i i i I ■ ■ ■ ■ l i i i i I i_
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Figure 4.16 A modulated reflectivity spectrum acquired through the use o f  the 120 fs Ti:Sapphire 
laser system with a TH z field o f  2.5 THz. The red line shows the narrow bandwidth Ti:Sapphire 
output. The coloured dots show individual scans and illustrate the large increase in noise outside o f 
the Ti:Sapphire output and the black line shows the average o f  many scans.
in Figure 4.16. It can be seen that a strong signal was obtained in the modulated 
reflectivity, though unfortunately the feature is wider than the Ti:Sapphire spectrum. 
The dynamics therefore contain motion which cannot be resolved by the slower 
Ti: Sapphire pulses in this case. The resolution o f the spectrometer, the narrow 
bandwidth o f the Ti:Sapphire output and the difficulty in adjusting the Ti:Sapphire 
peak output energy all combined to make this method equally time consuming as 
using the shorter pulse Ti:Sapphire system. It is not possible to reliably stitch 
together spectra taken with the laser centred at different wavelengths due to the non- 
linearity o f the system, though some data at other wavelengths has been gathered.
4.5 Conclusion
These experiments show the first attempt to observe the Dynamic Franz Keldysh 
Effect in the time domain. Features in the reflectivity spectrum that are induced by 
the THz field, and which are present only during temporal overlap with the probe 
pulse have been observed. These features obey a simple intensity dependence that is 
similar to that predicted by the theory. A detailed comparison of the experiment with
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the theory has not as yet been possible, as it has been rendered very difficult due to 
the high non-linearity of the effect and the number of parameters involved in the 
laser output that cannot be independently varied. This of course will impact on its 
applicability.
For further work, the first main goal is to calculate the theoretical spectra for the 
exact experimental conditions used in the already existent data. Related to this is 
need to perform the experiments in transmission, which requires samples to be 
produced with narrower bandgaps but still within the range of the Ti:Sapphire, e.g. 
InGaAs/GaAs. Alternatively, GaAs/AlGaAs wells could still be used, but the 
substrate must be etched away and this requires special “etch stop layers” to be 
incorporated, not present in the sample used here. Transmission experiments would 
greatly simplify the interpretation of the data and the identification of the various 
features by allowing direct comparison with the absorption spectra produced from 
the theory.
Also, a new sample has been obtained that is identical except for the fact that there is 
only one quantum well rather than five. It is possible that differences between the 
quantum wells is causing some “blurring” of the data and so perhaps it would be 
beneficial to use the simpler sample.
Additionally, longer wavelengths would possibly be beneficial also as it has been 
suggested that the signal is proportional to X3 and therefore an increased accuracy 
and/or reduction in averaging time would be achieved.7 At the time of the 
experiments technical problems with the FEL prevented wavelengths above 120 pm 
from being used, however, this has been fixed for any future experiments.
Finally, it could also be interesting to include an external variable that can be tuned 
without affecting other (laser) parameters, such as magnetic field or pressure. Both 
of these can be used to tune the strength of the effect. Magnetic fields cause the 
electron to move in a more spiral path, and in fact tune the spatial overlap of the 
electron and hole wavepacket.10
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Chapter 5
Geminate Exciton Dynamics
5.1 Introduction
As already mentioned in previous chapters, excitons, i.e. hydrogen-like bound states 
of electrons and holes, play a central role in the band-edge optical properties of 
semiconductors. This is especially so in quantum well systems where the 
confinement to two dimensions increases the exciton binding energy, and indeed in 
some materials the Is binding energy can exceed kbT at room temperature. The 
experimental measurement of exciton dynamics however is often indirect and the 
photoluminescence at the exciton frequency is taken to indicate the presence of 
excitons. One example of this is the determination of the formation time of excitons 
from a free carrier plasma.1,2’3> 4’5’6’7’8
Recently, the intuitive notion that a peak in the PL spectrum at the exciton frequency 
indicates a population of excitons has been called into question. A microscopic 
model of a plasma of unbound electron-hole pairs, which included Coulomb 
correlations but not the possibility of formation of incoherent excitons, has been 
studied.9 It was found that within this model a sharp peak in the PL spectrum 
developed as the carriers relaxed to the bottom of their respective bands. As time
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resolved photoluminescence (TRPL) is a very widely used technique it is essential to 
understand the relationship of the emitted spectrum to the properties of the 
underlying electron-hole gas.
Support for this view has been obtained by tracing the electron-hole exchange energy 
in photo-excited quantum wells as a function of magnetic field.10 A gradual change 
from excitons to free electron-hole plasma as the excitation power is increased from 
4 mW to 20 mW was observed but at all powers the PL emission at the magneto- 
exciton line was seen.
Two direct experiments to resolve this issue have been performed and it is found that 
indeed PL emission at the exciton frequency can, as predicted9, be produced without 
the presence of excitons. This has been done by performing two experiments on the 
same GaAs/AlGaAs multiple quantum well sample. Firstly, the presence of excitons 
is detected by measuring the \s-2p absorption of photo-excited excitons using a far 
infrared free electron laser. Secondly, time resolved photoluminescence experiments 
were performed by co-workers at Heriot-Watt University under essentially the same 
excitation conditions to measure the onset of PL at the exciton energy.
5.2 Theory
Whereas the interband optical properties of semiconductors are well understood,11,12, 
13 the theory of photon-excited intraband transitions has been studied much less 
extensively. An equilibrium Green’s function approach has been developed,14 but at 
high densities the theory becomes intractable, and at low densities it reduces to a 
simple Fermi’s golden rule result. More recently, results on the THz absorption of a 
sample in a photonic environment have been obtained using the equation of motion 
for four point excitonic correlations.15
It is possible to obtain useful information on the THz absorption spectra from a 
calculation, based on Fermi’s golden rule for an ensemble of Is excitons. Transitions 
from a population of Is excitons to all ^-states, both bound and continuum are 
included. Transitions to other states are forbidden by conservation of angular
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Figure 5.1 Theoretical THz absorption spectra of an ensemble of GaAs quantum well Is excitons for a 
range of different broadenings as calculated by Dr. I. Galbraith of Heriot-Watt university. The 
linewidths quoted refer to the FWHM of a single absorption line.
momentum. The required 2D excitonic wavefunctions are well known,11 and the 
THz absorption coefficient may be calculated.
Figure 5.1 shows the results of calculations performed by Dr. I. Galbraith for a 
variety of phenomenological broadenings. The energy scale has been adjusted from 
the pure two-dimensional value to account for the finite well width in the sample. 
There is a sharp resonance at the \s-2p energy for FWHM broadenings below about 
one Rydberg (approximately 4.5 meV in GaAs.) The inhomogeneous broadening of 
the \s-2p peak due to well width fluctuations etc, is expected to be less than that of 
the exciton features in the interband spectrum, as such fluctuations alter the exciton 
binding energies less than the bandgap. This is confirmed by broadband THz 
measurements in which a FWHM linewidth of around 2 meV was found for a similar 
system of 50 quantum well periods.16 Thus, the induced absorption at the \s-2p 
transition energy can be reliably used as a signature of the presence of bound states 
in the electron hole plasma.
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5.3 Two-Colour Pump-Probe
The sample is a GaAs/AlGaAs multiple quantum well with 120 wells of 6.5 nm 
width. The GaAs substrate was chemically etched away to enable measurements in 
transmission geometry. The etched sample shows clear heavy and light hole exciton 
absorption peaks at 1.594 eV and 1.615 eV respectively in Figure 5.2. All 
experiments performed on this sample were while it was cooled in a continuous flow 
liquid helium cryostat.
The two-colour pump-probe absorption measurements were performed using the 
Mira 900 120 fs, 75 MHz Ti:Sapphire laser (as described in Table 2.3) as the tunable 
excitation source and FELIX as the FIR probe (operating at 25 MHz). The two 
lasers were spatially and temporally overlapped as described in chapter 2 (L). To 
reduce the effect o f macropulse fluctuations in the FEL beam a reference beam was 
split off from the probe beam and used for a balanced detection o f the transmitted
1.58  1.6 1.62 1.64 1.66 1.68
Energy (eV)
fr/aV:-.
TRPL Excitation
= 36 meV
> \
Figure 5.2 A linear absorption spectrum o f  the sample (solid line) and are the spectra o f the interband 
pump pulses centred at 1.596 eV and 1.658 eV (red and blue dashed lines). The spectrum o f  the 
bandpass filter used in the TRPL (yellow dotted line) is also shown.
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FIR signal.17 The pump beam and the two FIR beams were focussed on the sample 
with a 7.25 cm focal length parabolic mirror resulting in a spot size of 900 pm for the 
FELIX beams and 880 pm for the NIR Ti:Sapphire beam. An 800 pm aperture was 
placed close to the sample to ensure full overlap of the pump and probe beams at the 
sample. The probe and reference pulse fluences at the sample were estimated to be 3 
pJcm'2 each and the spectral width of the pump pulses was 10 meV. The sample was 
cooled in a continuous flow helium cryostat and the whole experiment including the 
cryostat was set in a vacuum box purged with nitrogen to remove the effect of the 
strong water absorption at these wavelengths. Using a delay stage the relative 
transmission of the probe was measured as a function of the optical delay between 
the pump and probe pulses.
The \s-2p transition was characterized by measuring the transmission of the FIR 
pulse as a function of the delay between pump and probe for various values of the 
interband pump photon energy. The probe wavelength of 150 pm (8.3 meV, 2.0 
THz) is chosen at the centre of the \s-2p absorption line. As can be seen in Figure 
5.3 when pumping at 1.56 eV, well below the interband exciton peak, no change in 
transmission is seen. This null result is important as it confirms that residual 
coherent interactions do not give rise to a measurable signal. When pumping directly 
into the exciton resonance (curve b), a strong induced absorption is seen immediately 
after the pump pulse arrives. This reflects the creation of geminate excitons and their 
subsequent excitation by the FIR pulse from the U to the 2p  state. This induced 
absorption is long-lived, showing little or no decay over the 500 ps window afforded 
by the FEL setup.
With the pump energy tuned well above the gap to 1.658 eV (curve c), the absorption 
change becomes substantially smaller and there is no delay in the onset of absorption 
within the accuracy of the experiment (7 ps). There is no increase in absorption 
during our 500 ps time window that could be attributed to the formation of a 
population of incoherent excitons. As the carrier density is similar to that in the 
resonant pumping case, it is possible to make the stronger statement that if there is no 
significant exciton formation after 500 ps, then the characteristic time for exciton
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Figure 5.3 Transm ission change o f the FIR probe pulse as a function o f pump-probe delay. The pump 
is tuned at (a) 1.560 eV (below resonance), (b) 1.596 eV (on resonance) and (c) 1.658 eV (above 
resonance). The three sets o f data are offset for clarity.
formation must be at least 2 ns. This observation is consistent with a recent 
theoretical prediction.18
From measurements of the pump spectrum and the calculated linear absorption 
strength the carrier density is estimated to be ~ 109 cm '2 for both resonant and non­
resonant excitation. The residual absorption seen on curve (c) o f Figure 5.3 is
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attributed to excitons, which have scattered from the tail of the pump spectrum 
directly into the light hole exciton.
5.4 Time Resolved Photoluminescence
Time resolved photoluminescence measurements were performed by Dr. R. Chari o f 
Heriot-W att University on the same sample using a microscope based instrument.19 
The sample excitation was provided by a passively Q-switched picosecond AlGaAs 
laser with a pulse duration o f 15 ps. The laser photon energy was 1.66 eV, chosen to 
match the highest pump photon energy in the pump-probe measurements. The 
spectral width o f the diode pulse was 5 meV. The detector was an actively quenched 
single photon avalanche diode (SPAD).20 As before the sample was mounted in a 
continuous flow helium cryostat that allows close optical access to the sample. The 
laser beam was focussed on the sample to a roughly circular spot of 14 pm diameter. 
Photon energy discrimination o f the PL was provided by a combination o f bandpass 
filters, which gave a narrow passband at the exciton PL energy o f 1.593 eV (see 
Figure 5.2). The resulting TRPL signal at the exciton energy under conditions
SPA D  R e sp o n s e
TRPL■4—»c
0 2000 60004000
Pump-probe delay (ps)
Figure 5.4 TRPL intensity at the exciton frequency as a function o f time and the SPAD response 
profile. The solid line is a biexponential least squared fit.
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essentially identical to those in our continuum-pumping transmission measurement 
can be seen in Figure 5.4. Also shown in Figure 5.4 is the overall instrument 
response, which has a full width at half maximum of 100 ps.
In order to meaningfully compare the pump-probe and the TRPL results it is 
important that the number of photo-excited electron-hole pairs be the same in both 
experiments. This is difficult to achieve with absolute certainty, however, in such 
short pulse experiments the carrier density is determined by the fluence and, 
therefore, in the TRPL experiment the laser power at the sample was adjusted to 
achieve approximately the same fluence as in the pump-probe experiment.
The TRPL time profile was fitted with the sum of two exponential distributions, one 
of time constant -570 ps for the buildup of the necessary conditions for PL at the 
exciton frequency and the other of time constant -1640 ps for the emission process 
itself. As the characteristic time that is found for the buildup of PL at the exciton 
frequency is much shorter than the exciton formation time of several ns that has been 
deduced from the transmission measurements, the observed PL cannot be due to the 
formation of a population of incoherent excitons. Measurements were done at a 
range of fluences from 30% of the estimated value to ten times that value and the rise 
time of the TRPL was found to be unchanged in this power range. This lends 
support to the assertion that the pump-probe conditions and the TRPL conditions are 
the same. This result is consistent with the theoretical predictions.9 Within this 
picture the rise time of the TRPL is a measure of the time taken for the electron and 
hole population to relax into the low lying ^-states at the bottom of the band. From 
here the coulomb correlations in the luminescence can produce PL at the exciton 
energy.
Previous TRPL measurements1,2> 3’ 4> 5 concluded that for excitation energies well 
above resonance, hot excitons with a finite center of mass momentum are created a 
very short time (-20 ps) after excitation by emission of an LO phonon. These 
excitons then relax slowly via acoustic phonons to the k  = 0 state from where PL 
emission occurs. This leads to a longer rise time for the PL which depends strongly 
on experimental conditions. However such hot excitons would also have an allowed
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\s-2p transition and this would have been seen in the THz absorption measurements 
leading to a strong induced absorption even in the non-resonant excitation case. This 
is clearly not the case here as shown in Figure 5.3 where the FIR absorption is 
negligible when pumping 62 meV above resonance.
5.5 Conclusions
Measurements of the THz absorption and the time-resolved photoluminescence have 
been performed on the same GaAs quantum well sample. The strength of the 
absorption at the internal \s-2p exciton transition frequency is used as a measure of 
the density of excitons in the sample. When the interband pump laser is resonant 
with the Is exciton frequency, induced absorption at the \s-2p frequency is clearly 
seen. If the same density of carriers is created pumping in the continuum, no 
significant \s-2p absorption is seen in a time window of 500 ps. Complementary 
time resolved photoluminescence experiments, pumping well above the band and 
measuring the emission at the exciton energy, show a rise time of ~ 570 ps. The 
counter-intuitive existence of luminescence at the exciton energy simultaneously 
with the absence of the \s-2p absorption is consistent with the recent theoretical 
predictions.9
The two-colour pump-probe measurements were taken with the FIR wavelength set 
to the calculated \s-2p wavelength. The effects observed disappeared when the 
wavelength was detuned from this value, but taking a FIR spectrum proved very 
difficult due to the variation of the laser characteristics (pulse duration, power, water 
vapour abosorption, alignment etc) as the FIR peak wavelength was changed. It 
would be highly beneficial to take a THz spectrum in order to be certain of the 
experimental \s-2p energy using, for example, a THz transient generator setup. Such 
a system is in development at Surrey and will hopefully be available for use in the 
near future.
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Chapter 6
The Effect of Pressure on the 
Radiative Efficiency of InAs 
Based LEDs
6.1 Introduction
There is an increasing interest in mid-infrared LEDs that operate within the 2 -  5 Jim 
spectral region, due mainly to the fact that the rotational modes of gases have 
excitations in this region. The main aim of research into such devices is to provide 
sufficient output power for the development of selective, highly efficient optical gas 
sensors capable of identifying target gases such as CH4, C 02 and CO. Alloy systems 
based on an InAs substrate are promising materials for the fabrication of mid- 
infrared light sources for such applications.1 The principal challenges for efficient 
room temperature operation are to reduce the non-radiative recombination 
mechanisms such as Auger processes.2,3> 4
Hydrostatic pressure has been extensively used to study the recombination 
mechanisms that occur in semiconductor LEDs and laser structures, however, this
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Figure 6.1 A schematic diagram o f  the “cascade” structure w ithin an A lInA s/GalnAs Quantum 
Cascade laser. Electrons are injected from an injector region into an active region, undergo a radiative 
transition and then escape into a second injector region so that the process can be repeated,
previous pressure work has been limited to wavelength ranges of interest for 
telecommunications applications.3 Extending these pressure studies into the mid- 
infrared wavelength region requires a few changes to the basic experimental 
technique due to the long wavelengths involved. These changes will be discussed 
further in section 6.3.3
Initially, the aim was to develop a system capable o f characterising quantum cascade 
lasers, a new type o f semiconductor device based on intersubband transitions in 
quantum wells, i.e. with similar physics to that described in the other chapters o f this 
thesis.6, 7 Quantum cascade lasers make use o f a complicated staircase structure 
which allows one electron to undergo many radiative transitions. For an example of 
this see Figure 6.1. These lasers offer many advantages over more conventional 
lasers. They are unipolar, so Auger recombination is not a problem. Each electron 
produces more than one photon, therefore, a lower current is required which reduces 
resistive heating. Finally, band structure engineering allows the subband levels to be 
adjusted thereby allowing the emission wavelength to be tuned. Since the light is
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emitted from an intersubband transition it can be of a long wavelength. Quantum 
cascade lasers have been produced that operate at 17 pm (at 77 K) and at 10.6 pm (at 
300 K).
Of course, the challenges of developing a new technique, and applying it to a new 
type of laser system are not inconsiderable. It was therefore decided that the 
technique would be applied to an optoelectronic device in a similar wavelength range 
but with a more conventional laser gain mechanism, namely interband transitions. In 
this work, the LEDs and lasers were grown on InAs substrates by liquid phase 
epitaxy (LPE), with a conventional horizontal sliding boat immersed in ultra-pure 
hydrogen. In addition, a gettering technique in which ytterbium (Yb) was added to 
the InAs melt to reduce the residual carrier concentration.8 The resulting samples 
were then processed into mesa-etched devices using standard photolithographic 
techniques. In this investigation, light output from both a type I and type II device 
was measured as a function of hydrostatic pressure at room temperature using a 
helium gas compressor.
6.2 Theory
6.2.1 Auger Recombination
There exist several non-radiative recombination mechanisms that can reduce the 
radiative output of a device. These include recombination via defects, surface 
recombination, Auger recombination and current leakage effects. In conventional 
mid-infrared interband devices Auger recombination is generally accepted to be the 
dominant non-radiative recombination mechanism. Auger recombination involves 
three carriers and can be classified into two categories, direct band to band9 or 
phonon assisted.10 A schematic of the direct and phonon-assisted Auger 
recombination processes are shown in Figure 6.2
77
The Effect of Pressure on the Radiative Efficiency of InAs Based LEDs
so so
CHCC CHLH
SO so
CHSH CHCCP
Figure 6.2 Schematic diagrams illustrating the principle Auger recombination mechanisms: CHCC (or 
Auger-1), CHLH (or Auger-7) and CHSH. All these recombination processes can be phonon assisted, 
such as the CHCCP process.
Auger recombination occurs when electrons collide and exchange momentum and 
energy. When an electron (1) and a hole ( I5) recombine across the bandgap and 
simultaneously excite a third carrier (to conserve energy and momentum) to a higher 
energy this is a direct process. There are three dominant processes involving
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excitation of an electron (2) to a higher lying conduction state (2’) (CHCC or Auger- 
1), an electron (2) from the light-hole band into an empty heavy-hole state (2’) 
(CHLH or Auger-7) or from the spin-orbit split-off band (2) into an empty heavy- 
hole state (2’) (CHSH). Finally, phonon assisted processes are identical to the direct 
processes except that interaction with a phonon moves the electron (1) from an 
intermediate state (1” ) into the final state ( I5).
Since direct Auger recombination involves three carriers the recombination rate can 
be expressed as
R  Auger = Ctl2p  , (6.1)
or
R A,Sv = CnP 2 > ( 6 -2 )
where C is the Auger recombination coefficient, and n and p  are the electron and 
hole density respectively. From this point on, for simplicity, it will be assumed that 
n = p  and, therefore,
(6.3)
The Auger recombination coefficient can be further analysed through the use of 
Boltzmann statistics11
r - E .  N
C = C0 exp ‘Auger
kRT\  B j
(6.4)
where C0 is a further coefficient (defined by several parameters), kB is the Boltzmann 
constant, EAuger is the Auger activation energy. The Auger activation energy is 
dependent on the bandgap and effective masses, however, for the CHCC process it 
may be written as12
E  Auger =  7  E q  , (6.5)me +mh
where me is the effective mass of the electron, mh the effective mass of the hole and 
EGap is the bandgap energy.
From these equations it can be seen that decreasing the bandgap to allow longer 
wavelength emission also decreases the Auger activation energy, which, therefore, 
increases the Auger recombination rate. In addition, the smaller energy also implies
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that the intrinsic carrier concentration at room temperature will be higher, therefore, 
increasing the Auger recombination rate even further. It is for these reasons that 
Auger recombination is such a problem for interband infrared emitters. It was, 
however, predicted that the introduction of compressive strain would reduce the hole 
effective mass, which would in turn increase the Auger activation energy and 
decrease the Auger recombination rate.13
6.2.2 High Pressure
Traditionally, temperature has been the most frequently used thermodynamic 
variable in probing condensed matter, however, high pressure technology now allows 
pressure to be varied across large ranges and used in experiments. When atoms are 
compressed they are forced closer together and this modifies their electronic 
structure. Under hydrostatic pressure, the overlap increases between the orbitals and 
therefore, as a result of the enhanced interaction, the bandgap increases. As the 
bandgap changes with pressure wavelength dependent radiative and non-radiative 
processes can be studied.
Several reviews have been published showing how the use of pressure as an 
investigative tool has great potential.14, 15, 16 In addition, hydrostatic pressure has 
been extremely useful as a diagnostic tool in the study of semiconductor lasers.17 For 
example, it has led to the dominant loss mechanism in quantum well lasers being 
identified.18
Since it is the strength of the bonds between atoms that is altered with pressure, the 
most significant advantage is that it allows one sample to be studied in lieu of 
multiple samples. In effect, modifying the bond strengths of one sample is the same 
as using a different sample with a different chemical composition. These changes do 
not require very large pressure in semiconductors and so this technology is very 
attractive for studying these materials.
A simple picture of the complex behaviour of the band structure can be gained by 
considering that the interaction of s and p  orbitals will be increased, though since the
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pressure is hydrostatic it will not change the symmetry of the crystal. As a result of 
this increased interaction the band gap will increase. When hydrostatic pressure is 
applied to a HI-V semiconductor or alloy, the direct bandgap at the T-point [000] 
increases by about 105 meVGPa'1. At the X-point [100] there is a decrease of 
approximately 10 meVGPa'1 and at the L-point [111] an increase of 55 meVGPa'1.
6.3 Experiment
6.3.1 Type I Sample
This laser device structure was designed to operate at 3.3 pm at room temperature 
but was subsequently found to only operate at low temperatures. The active region 
in this laser structure is a very weak type II structure (electron and hole confinement 
in different regions, see Figure 6.3) of undoped InAs/InAs0.94Sbo.o6/InAs. Since the 
barrier for electrons is only 20 meV and at room temperature this barrier is smaller 
than the electron thermal energy, kT  ~ 26 meV, in essence this is a type I structure 
(electrons and holes within the same region).
A B  A 
Type I
A B A  
Type II
A B  A 
Type II
Figure 6.3 Band alignment is described as Type I if both the conduction and valence band edges of 
the semiconductor with the smallest band gap (material B) lie within the bandgap of the other 
semiconductor (material A). Otherwise the alignment is called Type II. If the band alignment is of a 
Type I nature, material B confines both electrons and holes. In a Type II alignment only holes are 
confined in material B (for example). Alternatively, a Type II alignment could confine only electrons. 
In either Type II case electron-hole recombination would occur across a junction.
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6.3.2 Type II Sample
The type II LED used in this 
experiment was a double 
heterostructure in which an InAs 
active layer was sandwiched between 
p  and n-type InAsSbP confinement 
layers. The phosphorus content in 
the confinement layer was 40% (E Gap 
= 570 meV, under ambient
conditions), which, with a greater 
bandgap energy and larger interface
InAs
InAs
ji
v
3 pm 
0.7 pm 
3 pm
band offsets, improves the carrier Rgure 64 Schematic of the InAs/InAsSbP type „  
confinement. The InAs active region LED structure
was 0.7 pm  thick (EGap = 354 meV, under ambient conditions). This structure is 
shown in Figure 6.4. Figure 6.5 then shows that the InAs/InAsSbP heterostructure is 
type II in nature, although it does not contain any designed structural quantum wells, 
as band bending at the interface leads to some confinement o f the carriers.
Interface
emission
Eg = 0.378eV 
Xg = 3.28jim
Figure 6.5 A schematic energy band diagram o f  the InAs/InAsSbP heterojunction showing the type II 
interface.
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Figure 6.6 An EL emission spectrum obtained under ambient conditions for the InAs/InAsSbP LED, 
measured at a drive current o f  50 mA at 430 Hz using a 50% duty cycle.
An Electro-Luminescence (EL) emission spectrum under ambient conditions for the 
LED is shown in Figure 6.6. A single peak can be seen at 3.28 pm, which is at a 
higher energy than the InAs (active region) bandgap energy (see Figure 6.5). This 
emission energy corresponds well with the confined states in the interface region of 
InAs/InAsSbP, supporting a type II alignment.
6.3.3 Helium Compressor
In order to allow measurement of the light output from a semiconductor whilst under 
pressure, it is vital that the pressure transmitting medium is transparent. Generally, 
for pressure measurements at shorter wavelengths a liquid medium is used (typically 
and oil or alcohol), however, for longer wavelengths this is no longer suitable as 
vibrational modes in the liquid will absorb the emitted light. To bypass this 
restriction it is necessary to use a gaseous pressure medium that will be transparent to 
the wavelength range o f interest. As a side note, it would in principle be possible to
83
The Effect of Pressure on the Radiative Efficiency of InAs Based LEDs
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Unit Oil Pressure TMPal
Figure 6.7 A schematic showing the layout o f  the helium gas com pressor with numbered valves for 
controlling the gas flow. The hydraulic power unit operates at 70 M Pa and through the use o f  the three 
intensifier pistons (I, II and III) can generate a gas pressure in the pressure cell o f  1500 MPa.
use a diamond anvil cell to apply pressure to the sample as diamond is transparent 
over the wavelength range o f interest. However, this would be more suitable for 
measurements upon materials which do not require a current as it is difficult to allow 
wires entry into a diamond anvil cell.
Since a secondary concern was to allow for the future possibility of cooling the 
sample to 77 K helium was chosen as the pressure medium. It is possible to cool 
helium far below room temperature whilst pressurised without causing the pressure 
transmitted to the sample to become non-hydrostatic. In order to pressurise the 
helium a gas compressor from the High Pressure Research Centre, Polish Academy
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of Sciences was used. This compressor operates by using a three-stage process to 
sequentially compress the helium through increasingly effective intensifiers (1:1, 5:1 
and 80:1) with a hydraulic source. Further information about the helium compressor 
can be see in Table 6.1 and Figure 6.7.
Initial gas pressure 8 - 1 5  MPa
Maximum hydraulic pressure 70 MPa
Stage I pressure range 0 - 7 0  MPa
Stage II pressure range 0 -  350 MPa
Stage III pressure range 0 -  1500 MPa
Table 6.1 Technical specifications on the helium gas compressor.
6.3.4 Pressure Cell
The GOC102 cell (also purchased from the High Pressure Research Centre, Polish 
Academy o f Sciences) is designed to be used for optical investigations o f solids 
under high gas pressures o f up to 1200 MPa. The cell is constructed from BeCu to 
allow for use in magnetic fields and has a long capillary, also made from BeCu, 
attached to act as the inlet for the pressurised helium gas. This capillary has an outer
100
20
700 1000100 8000200 300 400 2000 4000
Wavelength (nm)
Figure 6.8 The transmission spectrum for sapphire, showing the optimum transmission range o f  300 
nm to 5 |im .19
85
The Effect of Pressure on the Radiative Efficiency of InAs Based LEDs
diameter o f 3 mm and an internal diameter o f 0.3 mm. Attached to the compressor 
end o f this capillary is a manganin pressure gauge, which has a resistance that varies 
with pressure. However, to ensure a more accurate measurement the pressure can 
also be measured directly within the sample space with a pressure sensitive 
semiconductor (SPG10). At both ends o f the cell body is a socket in which either an 
optical or an electronic plug can be mounted. In Figure 6.9 an optical plug is shown 
on the left and an electronic plug on the right.
The optical plug consists o f a sapphire window (6 mm diameter and 6 mm thickness) 
mounted on top a 2 mm diameter exit port. Sapphire is used for the window as it can 
withstand high pressures without cracking and also because it is transparent in the 
wavelength region o f interest (see Figure 6.8).
46
Figure 6.9 Gas Optical Cell GOC102 (Not to scale). Dimensions are shown in mm. Pressurised 
helium enters the cell from the capillary at the top. On the left is an optical plug with a sapphire 
window, on the right is an electric plug allowing several wires to access the sample. The sam ple to be 
studied sits inside the sample space (10 mm) on the green platform.
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The electronic plug allows 12 wires (11 copper and 1 constantan) into the cell. The 
pressure seal is maintained through the use of a shaped conical plug that makes a seal 
with a conical recess. This recess is filled with a powder and the wires are buried 
inside this powder. Of these 12 wires, two (one constantan and one copper) are used 
to form a thermocouple to measure the temperature within the sample space; four 
wires are used to connect to the SPG10 semiconductor pressure gauge. This pressure 
gauge is made from a single crystal of heavily doped bulk /2-InSb, which has a high 
sensitivity to pressure and a low sensitivity to non-hydrostatic stress. Since the 
resistance of this gauge is below 0.1 O it is necessary to use a four terminal method 
to measure the resistance. The remaining 6 wires can be used for any purpose, 
though in this experiment they were used to power the devices placed within the 
pressure cell.
6.3.5 Experimental Setup
After passing through the sapphire window on the pressure cell the light output from 
the device was collected using a liquid nitrogen cooled (77 K) InSb detector and the 
signal was processed using a phase sensitive detection technique. This procedure 
was repeated for both the type I laser structure and the type II LED structure.
Note that the emission was viewed through the /7-type (top) side of the samples (see 
Figure 6.4), which was 300 (im in diameter and had a ring-like contact, allowing 
inter-valence band absorption (IVBA) to be neglected in the following discussion as 
this process is more important inp -type layers.
6.4 Results and Discussion
Figure 6.10 shows the room temperature spontaneous emission output for the type I 
laser at constant current, I  = 2 A; the light output increased by only a factor of 1.87 
from 0 to 11.2 kbar.
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Figure 6.10 Measured integrated spontaneous emission, at a drive current I of 2 A (below threshold) at 
5 kHz using a pulse width of 2 (Is, as a function of pressure at room temperature for the type I laser 
structure.
Figure 6.11 shows plots of the integrated spontaneous emission Lspon (in arbitrary 
units), against applied current. Variation in the detector response due to the emission 
wavelength varying with pressure has also been accounted for. The applied 
pressures, P, ranged between 0 and 9.4 kbar. At a constant current of 140 mA, a 
factor of 3.74 increase in light output was observed for the type II LED.
The current density /  through the device can be expressed as follows:
I  =  I  leak +  e d eff (A n  +  )  , ( 6 . 6 )
where /ieak is the leakage current, e is the electron charge, </efr is the effective width of 
the active region in which recombination occurs and n is the carrier density. A, B 
and C are the recombination coefficients for mono-molecular (defect scattering), 
radiative and Auger recombination, respectively. In equation 6.6 it is assumed that 
the electron and hole densities are equal, so n = p, and C is the sum of the 
coefficients of all possible Auger recombination mechanisms.
88
The Effect of Pressure on the Radiative Efficiency of InAs Based LEDs
9.4 kbarLED (Type II) 
T=298 K0.7
8.1 kbar
7.5 kbar
0.5
3.3 kbar
c 0.4
wQ
,4.1 kbar ■
♦3.5 kbar 
T2,8 k b a r . 
& 1.0 kbar 
■0.7 kbar
0.2
0.0  kbar
0  0  i --------1--------1--------1-------- 1-------- 1 1 1-------- *—
0 20 40 60 80 100 120 140 160
Current, I (niA)
Figure 6.11 M easured integrated spontaneous emission rate as a function o f current for 0 kbar <  P  <  
9.4 kbar at room tem perature for the type II LED.
Due to device geometry (relatively large contact area), it is also assumed that the /ieak 
term is mainly due to electron and/or hole leakage over the heterojunction barriers. 
Therefore, in the analysis below it is assumed that the leakage current is not the 
dominant current path in our devices. This conclusion is supported by the fact that 
the electroluminescence spectra o f the LED, shown in Figure 6.6 is dominated by 
one central peak, i.e. there are no features at high energy due to barrier emission. 
Furthermore, it has been estimated for the LED, that at a pressure o f 9.4 kbar,
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conduction and electron band offset corrections are only 4 and 1 meV, respectively. 
For simplicity 7ieak is assumed to be independent of the applied pressure.
Since the devices studied were purified by Yb rare earth gettering during growth, the 
residual doping of the active region has been reduced to very low levels (n < 5 x 1015 
cm'3). This makes the An term in equation 6.6 insignificant at room temperature (the 
impurity concentration is insignificant and so defect related recombination pathways 
are supressed).1 Furthermore, the capture cross-section for recombination through 
defects is almost independent of pressure, allowing the An term to be neglected in the 
analysis. Therefore, it follows that at constant I  the sum of the radiative and Auger 
terms in equation 6.6 is pressure independent:
B(P)n2 +C(P)n3 = k . (6.7)
Now, when pressure is applied to the devices the measured light output, Lspon, 
increases, and since Lspon is proportional to Bn2 this means that the Cn3 term must be 
decreasing. An upper limit for the radiative recombination contribution to the total 
current, /, can be found by assuming that Auger recombination is totally supressed at 
the highest pressure. It therefore follows that,
B(0)n2+C(0)n3= k = Bhighn2+Chighn3, (6.8)
where
Bhighn2 =aB(0)n2, (6.9)
and
Chighn3-* 0 . (6.10)
This leads to
B(0)n2 ^  1< — (6.11)
B(0)n2+C(0)n3 a
For the type II LED the light output increased by a factor (a) of 3.74 when the 
pressure was increased from 0 to 9.4 kbar, and from equation 6.11 this means that the 
upper limit on the contribution of radiative recombination to the total current is 
26.7%. This confirms that Auger recombination is dominant, as expected.
For the type I laser structure device the light output increased by a factor of 1.87. 
This leads to an upper limit of 53.5% for the radiative contribution, which indicates
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that radiative recombination could be more important in this structure than Auger 
recombination.
In contrast to our type I laser structure, the effective width of the active region of the 
type II LED, d ^ ,  is significantly smaller. The carriers are localised near the interface 
and because of the type II band edge alignment, the electrons and holes must tunnel 
through potential banders to the left/right of the confinement regions before 
recombining with each other. This limits the value of <7effto being determined by 
these tunnelling distances, therefore, it is estimated that dQff -150 A. It is believed 
that although type II recombination across the InAs/InAsSbP interface reduces the 
Auger parameter C, due to small d^fthe carrier concentration is actually greater than 
that found in the type I structure. As Auger processes are strongly dependent on 
carrier concentration (increase as n3) the stronger increase in the light output as a 
function of P for the LED (type II) compared to the laser device (type I) can be 
interpreted as experimental evidence that Auger processes are more important in type 
II LEDs.
The two dominant Auger recombination channels for type I/II heterostructure 
devices are CHCC and CHSH (see Figure 6.2). CHLH and other valence band 
processes not involving the split-off band are important only in materials where ASo 
is very large and the valence band mass is very light. In this case strong mixing of 
the light hole and split-off bands makes the mass heavy and reduces the 
corresponding Auger rate. In the case of CHSH, it is expected that as the bandgap is 
increased via the application of hydrostatic pressure it may come into resonance with 
the spin-orbit splitting energy Eqapeff = Aso- If this does occur a resonance should be 
observed in the emission as the efficiency of radiative recombination should be 
greatly reduced. In the InAsSbP region the condition Eqapeff < Aso is satisfied at 
ambient conditions as ^Gapeff = 0.378 eV is the photon energy at the emission peak 
and Aso(InAsSbP) - 0 . 5  eV. Note that although there is a big uncertainty for the 
value of Aso(InAsSbP) in the literature and hence for our structure, experimentally 
we do not observe any reduction or resonant behaviour in the light output as a 
function of pressure (see Figure 6.10 and Figure 6.11) so it is believed that over the 
full pressure range the condition ^GaPeff < A so holds and therefore the CHSH process
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remains out of resonance in the full range of pressure studied here. For this reason 
we believe that over the full pressure range the CHSH process remains insignificant 
for both samples and that the CHCC process is likely to be the dominant process.
Further theoretical calculations have been made by Dr. A. Andreev of the University 
of Surrey for the type II LED using a type II flat band quantum well model (QW)20 
and have been presented in more detail elsewhere.21 At ambient pressure B = 10'7 
cm V 1 and C = 8 x 10'27 cm V1, giving the radiative recombination contribution to 
the current density as 14% at P = 0 kbar and 40% at P = 9.4 kbar. These simple 
theoretical estimations predict an increase in light output of a factor of 2.9 when the 
pressure is increased from 0 to 9.4 kbar at constant current (140 mA). This agrees 
reasonably well with the experiment in which an increase of 3.74 was observed.
6.5 Conclusion
The spontaneous emission of 3.3 pm light emitting diodes (LEDs) and lasers based 
on InAs alloys was studied as a function of hydrostatic pressure. An increase in light 
output with increasing pressure has been observed, with a general comparison of the 
performances of type I and type II structures given in terms of the radiative and non- 
radiative processes involved. The experimental results provide evidence that the so- 
called CHSH Auger process is insignificant in these devices. However, Auger 
recombination mechanisms are still shown to dominate the response of these type II 
LEDs in contrast to type I lasers where competing radiative processes may be more 
significant.
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Chapter 7
Spin Relaxation in GaAs/AIGaAs 
Quantum Wells
7.1 Introduction
7.1.1 Background
Spintronics is a relatively new field in which the aim is to create devices that rely on 
the electron’s property of spin to perform their function. Electronic devices (from 
vacuum tubes to modem microchips) have traditionally been based purely on the 
electron’s charge and have ignored the electron spin that is also present. Magnetism 
(and hence electron spin) has, however, always been used for data storage through 
the property of magnetoresistance (a change in electrical resistance caused by a 
magnetic field) being used to read data stored in magnetic domains. Indeed, at 
present, spintronics based devices using ferromagnetic alloys are quite sophisticated. 
For example, Magnetic Random Access Memory (MRAM) will soon be available 
with switching rates and rewritability that compares favourably to current RAM with 
the added advantage of being non-volatile.
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It would be better, however, if semiconductors could be used to carry the spin 
polarised currents.1 Then it would be possible to take advantage of the high quality 
optical characteristics of semiconductors along with their ability to amplify both 
optical and electronic signals. It may even be possible at some point to then create a 
device that could combine logic, storage and communications all on one integrated 
chip. Unfortunately, there are several questions still to be answered before this 
becomes a reality. Can we make semiconductors that are ferromagnetic at room 
temperature? What is an efficient way to inject spin polarised currents into a 
semiconductor? What happens to spin currents at boundaries between materials? 
How long can a spin current maintain its polarisation within a semiconductor? For 
the purposes of this thesis only the last question considering the spin current lifetime 
will be investigated.
On a related note there is also interest in devices that modify the spin states of 
individual electrons in an effort to create quantum information machines, the most 
well known of which is a quantum computer in which the two spin states (up and 
down) act as qubits.2,3 See Figure 3.2 for a schematic using a quantum dot as a two 
level qubit system.
7.1.2 Experiment
By pumping a sample with circularly polarised light it is possible to selectively 
excite electrons with a certain spin and then to measure the degree of imbalance in 
the spin population with a linearly polarised probe beam.4 The probe beam will 
experience a polarisation rotation proportional to the electron spin imbalance. This 
measurement can then be performed with a variable delay probe beam to measure the 
spin lifetimes of the electrons. Additionally, the excitation energy and electron 
temperature (by using an FEL to excite free carriers) dependence of the spin 
relaxation in quantum wells were also studied.
Ideally the experiment would measure the polarisation rotation caused by 
transmission of a probe beam through the sample, but experimentally reflectivity is 
much easier to measure due to the substrate of the sample being opaque. Interpreting
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the results is marginally more difficult with reflectivity data, but the appendix 
(section 10) on Reflectivity Theory details the relationship between absorption and 
reflectivity within a material by using Kramers Kronig relations.
7.2 Theory
7.2.1 Spin Relaxation Mechanisms
In bulk semiconductors three main spin relaxation processes have been found to be 
important. These mechanisms are: Elliot-Yafet (EY),5 D’yakonov-Perel (DP),6 and 
Bir-Aronov-Pikus (BAP).7 Each of these mechanisms has been found to be 
important with differing bulk samples under varying conditions.8 However, spin 
dynamics in quantum wells are different to that in bulk materials and are very 
sensitive to many factors, including: interface mobility, electron-hole separation, 
electronic band structure, localisation and defects. A brief overview of each 
mechanism can be found below along with a description of those conditions under 
which it has been found to be the dominant spin relaxation mechanism.
7.2.2 Elliot-Yafet
It was originally mentioned by Elliot5 and later by Yafet9 that within crystals electron 
wave functions with opposing spin vectors can be mixed through the spin-orbit 
interaction. This spin-orbit interaction arises because an electron moving through an 
electric field experiences a potential proportional to the scalar product of its spin 
magnetic moment with the vector product of its velocity and the electric field. Since 
Bloch states in real crystals are not spin eigenstates it would be possible for spin 
independent interactions (e.g. between electrons and impurities, boundaries, 
phonons, etc) to connect spin up and spin down electron states.
This leads to a situation in which the spin relaxation rate can be described with the 
following equation10
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TP
(7.1)
where t s is the spin relaxation time, Eg is the band gap, t p is the momentum 
scattering time and T  is the temperature of the sample. A is a dimensionless constant 
and varies from 2 to 6 depending on the dominant scattering mechanism for 
momentum relaxation and r| = A/(Eg + A) where A is the spin orbit splitting of the 
valence band.
More usefully, equation 7.1 can be summarised as follows
This process is thought to dominate in low mobility samples and at high temperatures 
in other samples. Additionally, in narrow gap semiconductors where there is strong 
interaction between the conduction and valence bands this process is also believed to 
be dominant.
The D’yakonov-Perel mechanism is expected to play a key role in the spin relaxation 
process in crystals without an inversion centre. The spin degeneracy of the 
conduction band is lifted for all k  ^  0 and therefore electrons with the same wave 
vector k  but with opposite spin directions will have different energies. This spin 
splitting is equivalent to the presence of a magnetic field within the crystal with a k  
dependent magnitude and orientation. This band structure effect will be examined in 
more detail in chapter 8 (Spin Galvanic Effect Due to Optical Spin Orientation).
Now the electron spin will begin to precess around this effective magnetic field 
directed along k  with a Larmor frequency of £1. This will lead to the original spin 
orientation being lost. If the electron undergoes a scattering interaction that changes 
its momentum this will also lead to a change of the axis of precession. The relation 
between the Larmor precession frequency and the momentum scattering rate, t p, is
T  o c T P' (7.2)
7.2.3 D’yakonov-Perel
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what determines the effect the D’yakonov-Perel mechanism has on the spin 
relaxation rate.
In the first case where Hip > 1 the component of the spin perpendicular to k  will be 
lost on a timescale ~ Q-1 before a momentum scattering interaction occurs. In the 
opposite case where flXp < 1 the precession of the spin over the time interval xp is 
small and then the axis of precession will change as the electron’s momentum is 
changed through scattering. Since the spread of k  after scattering is essentially 
random the new axis of precession is also essentially random and this lead to the spin 
vector precessing in a manner analogous to a “drunken walk”.
Since the change of the axis of rotation is just as likely to move the spin vector in the
opposite direction this counter-intuitively lead to the conclusion that the spin
relaxation rate is retarded in this regime. The effect of frequent collisions retarding 
spin relaxation is analogous to the dynamic narrowing of a magnetic resonance 
line11. The relationship between the momentum scattering and the spin relaxation 
time can be expressed as follows10
r c “ ' 7 S 7 ' -  ( 7 3 )
where Q is a dimensionless constant that depends on the dominant momentum 
relaxation process and ranges from 0.8 to 2.7. a  is a parameter characterising the A3 
term for conduction electrons and can be approximated by12 
4?7 m c
«  = “ / =  ’ (7.4)V3 -r\ ™e
where mc and me are the effective mass of the conduction electron and the electron 
rest mass. Equation 7.4 can be reduced, as before, to a more useful, though different, 
relationship
(7.5)
In A3B5 compounds (e.g. GaAs) for thermalised electrons the inequality, flip < 1, is 
usually valid. Also, this mechanism is expected to dominate in large gap «-type 
semiconductors which lack inversion symmetry.
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7.2.4 Bir-Aronov-Pikus
Finally, the Bir-Aronov-Pikus method is included here for completeness. It is based 
upon electron-hole exchange interactions and is expected to dominate in p -type wide 
band gap materials. As the sample used in this experiment is w-type and notp -type it 
is not expected that the BAP mechanism will have any effect on the spin relaxation 
rate.
Both exchange and annihilation interactions between electrons and holes can cause a 
spin flip process in the electron. The rate of electron spin relaxation due to these 
holes will be proportional to the duration of the interaction between the electron and 
the hole. This duration is defined by the length of time that the spacing between the 
two particles is less than the electron’s wavelength. The resulting spin relaxation 
rate is only weakly dependent on xp and T.
7.2.5 Optical Orientation Experiments
The method used to create a population of spin-oriented electrons in this experiment 
was through the interband absorption of circularly polarised light leading to spin 
selective transitions. Within a zinc blende structure bulk semiconductor the heavy 
holes (m = 3/2) and light holes {m = 1/2) are degenerate at k  = 0. When illuminated 
by left hand circularly polarised light (o-) only two transitions are possible, from the 
+3/2 heavy hole state to the +1/2 conduction band state, or alternatively from the 
light hole +1/2 state to the -1/2 conduction band state.
Due to the transition probabilities for these two possibilities, it turns out that the 
relative density of spin up to spin down electrons will be the ratio 3:1. Interestingly, 
the preferred orientation of an electron in the conduction band is opposite to the 
orientation of the absorbed light.
This situation leads to a maximum polarisation of -
N . - N ,  1
N r + N i  2
(7.6)
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The spin of the hole created in the valence band is therefore parallel to the orientation 
of the absorbed light, though the spin of these holes relaxes very rapidly due to 
strong spin-orbit coupling.
However, in a quantum well the light/heavy hole degeneracy has been lifted and it is 
only important to consider the 3/2 heavy hole state. This therefore leads to the 
conclusion that in principle an entirely spin polarised electron population is possible 
using this optical orientation technique.
Once a spin oriented population has been produced by a pump beam it is necessary to 
measure the degree of orientation that has been created. The method used in this 
experiment was through the use of the Faraday Rotation induced on a linearly 
polarised probe beam. The excess population of JVf over electrons produced by 
the circularly polarised pump gives a differential dispersion between the left and 
right circularly polarised components of the plane polarised probe and thus a rotation 
of the plane of polarisation.
7.3 Experiment
7.3.1 Sample
The sample used in this experiment was provided by G. Strasser from the Institut fur 
Festkorperelektronik, Technische Universitat Wien. It consists of multiple 
GaAs/AlGaAs quantum wells and further information can be found in Table 7.1.
Absorption Energy
Sample Well Thickness (intersubband) Carriers/Well Wells
G122 250 A 29.8 meV 2.6 x 1011 cm'2 10
Table 7.1 Data on the MQW sample provided for use in spin relaxation studies.
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7.3.2 Experimental Set-up
A Ti:Sapphire laser system was used to provide both the pump and probe beams in 
this experiment. The laser used was the Femtolasers Produktion and more 
information can be found in Table 2.4. The laser was set to a 100 MHz repetition 
rate with 10 fs pulses and a peak wavelength o f 810 nm. The beam was then split 
into two separate beams for use as a pump and probe.
The pump beam was circularly polarised through the use o f a variable quarter wave 
plate set to the peak wavelength o f 810 nm. Since the pump beam had such a broad 
bandwidth (due to the short pulse length) the light was not entirely circularly 
polarised and would not have produced the ideal maximum polarisation within the 
sample. Additionally, the probe beam was linearly polarised to allow for detection of 
the spin-oriented population. The two Ti:Sapphire beams produced were then 
focused onto the sample mount within a helium continuous flow cryostat through the 
use o f a 25cm parabolic mirror. The pump beam was enlarged until it was 600 pm in 
diameter, whereas the probe beam was smaller and was overlapped entirely by the 
pump beam to ensure that all o f the probe beam would experience the biased spin 
population.
Since the Ti:Sapphire beam was pulsed, in addition to spatial overlap, temporal 
overlap was also necessary. This was found through the use o f a p-Barium Borate 
(BBO) crystal and a simple geometrical set up (shown in Figure 7.1) in order to see 
sum frequency generation, a second order, %(2), process. In this experiment coi = CO2 = 
co and therefore the output was simply 2co (or X = 405 nm).
Figure 7.1 A simple geometrical arrangement to see sum frequency generation o f CO1+CO2 when the two 
pulsed beams (C0i and CO2 ) overlap in time and space.
CO1+CO2
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Model: Gauss
A/(w*(n/2)05)*eA(-2*((x-xc)2/v/)
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Figure 7.2 A graph showing the temporal overlap o f the circularly polarised pump and linear probe 
Ti:Sapphire beams through the detection o f a sum frequency generation signal from a p-barium  borate 
crystal. FW HM  ~ 145 fs.
The sum frequency output signal was measured as a function o f time delay between 
the two beams in order to show the degree o f temporal overlap. Figure 7.2 shows 
that after the beams were polarised the possible temporal resolution was o f the order 
o f 100 fs.
Since the sample was mounted on a substrate which was opaque to the Ti:Sapphire 
wavelengths, it was necessary to perform reflectivity measurements, therefore, the 
reflected probe beam was collected and directed into a spectrometer (0.25 m grating 
spectrometer). The output from the spectrometer was then directed into a polarising 
beam splitter and differential detector arrangement consisting of two matched silicon 
p-i-n diodes. The differential detector was balanced to give zero output when the 
pump beam was not present and therefore will give a signal which corresponds to the 
degree o f rotation in the probe beam as caused by the spin oriented population within 
the sample.
Finally, the far infrared beam from FELIX (for exciting the spin population through 
free carrier absorption) was added to the experimental set up. The beam path o f the
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Figure 7.3 A schematic o f the spin relaxation experiment showing the circularly polarised pump beam 
and the linearly polarised probe beam. The probe beam is collected and sent through a spectrometer 
before passing through a polarising beam splitter and directed onto a balanced detector. The FEL 
beam is not shown here, though when it was used it was incident upon the sample with the other two 
beams.
far infrared beam was contained within a sealed tank that was filled with dry nitrogen 
gas to avoid losing beam power to atmospheric absorption.
It was necessary to ensure that the far infrared beam was temporally and spatially 
overlapped with the incident probe beam when it arrived at the focus o f the parabolic 
mirror on the sample. The procedure for achieving this has been previously 
discussed in section 2.3 and need not be mentioned again. The FIR beam was set at 
10 meV to excite free carriers and was not resonant with the E1E2 transition at 29.8 
meV. The parameters for the FELIX beam used in this experiment are as follows in 
Table 7.2.
Parameter Value
Peak Wavelength 125 pm (10 meV)
Pulse Duration 10 ps
Polarisation Linear
Table 7.2 FELIX param eters used to cause free carrier excitation.
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7.4 Results and Discussion
The first set of results that were obtained were with just the two Ti:Sapphire beams 
and no free carrier heating from the FEL. Using the spectrometer several spectra 
were obtained for various time delays between the two beams. A composite of some 
o f these spectra (equally spaced in time) can be seen in Figure 7.4. This graph 
illustrates the basic principle behind the experiment of attempting to measure the 
induced Faraday rotation as function o f energy and time.
Figure 7.4 A composite graph showing several individual spectra o f photon energy against induced 
Faraday rotation upon reflection taken at varying time delays between the pump and probe beams. 
The spectra are equally spaced in time with increments o f approximately 70 ps between them. The 
first two spectra were taken with the probe in advance o f the pump and the rem aining five were taken 
with the pump in advance o f  the probe.
106
Spin Relaxation in GaAs/AlGaAs Quantum Wells
co
03 
-*—*o
q:
>
03"D
03
i—
-50 ps 
0 ps 
20 ps 
50 ps 
120 ps 
190 ps 
250 ps 
320 ps
03
LL
1.47 1.48 1.49 1.50 1.51 1.52 1.53 1.54 1.55 1.56 1.57
Photon Energy, eV
Figure 7.5 A plot o f the time resolved (relative to overlap between the pump and probe) induced 
Faraday rotation o f  reflectivity. The two curves at non-positive time appear to show a non-zero 
Faraday rotation, this is due to the detection method not being completely balanced. Two differential 
like features are identified with the E1H1 (1.51 eV) and E2H2 (1.545 eV) transitions due to the PL 
w avelength and from the intersubband absorption energy (30 meV).
The 3D representation is useful for giving an overview o f the technique, but it is not 
a very clear way of presenting data. A slightly more informative graph can be seen 
in Figure 7.5 where the two features, which appear in the spectra after circular 
excitation are assigned to the E l HI and E2H2 absorptions. The position o f the 
features is consistent with the intersubband absorption energy o f 30 meV and with 
the PL from these GaAs/AlGaAs quantum wells. It can be seen that the higher 
energy feature appears to have a slower decay rate than the lower energy feature and 
this may indicate that the spin lifetime is longer in the higher states than in the lower 
states in this sample. These reflectivity spectra are complicated, but in principle it is 
possible to infer the spin polarisation as a function o f time from these data, however, 
this will not be attempted quantatively here.
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Figure 7.6 Spin lifetime m easurem ents for three different energies above, below and near the Fermi 
energy through the use o f the induced Faraday rotation caused upon reflection from the quantum well 
sample.
Now, in order to investigate the variation o f spin decay with photon energy the delay 
between the pump and probe beams was varied whilst the spectrometer was fixed at 
a particular wavelength. Three time scans are shown in Figure 7.6 with the 
spectrometer fixed at various wavelengths. The values were chosen assuming that 
the large differential feature at 1.51 eV corresponded to an absorption near the Fermi 
energy. The three wavelengths would, therefore, have energies above, below and 
near the Fermi energy. The three sets o f data show clear decay curves with longer 
lifetimes corresponding to higher energies. A possible explanation for this 
observation would follow from the assertion that in this sample spin redistributes 
itself due to electron-electron scattering. Electrons with energy above the Fermi 
energy can scatter more easily than those with lower energy where scattering is more 
limited. As explained in section 7.2.3 increased momentum scattering results in a 
longer spin lifetime with the D ’yakonov Perel mechanism.
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Figure 7.7 Induced Faraday rotation at the peak o f the E1H1 reflectivity feature with and w ithout free 
carrier heating caused by a 10 meV pulse from FELIX.
Finally, by shining a far-infrared pulse o f 10 meV (not resonant with the 30 meV 
E1E2 absorption feature) from FELIX onto the sample at the same time as the 
circularly polarised pump beam it is possible to induce free carrier absorption within 
the sample. This FIR pulse was linearly polarised to insure that it preserved the spin 
population. The relaxation rate at the peak o f the E1H1 reflectivity feature was then 
measured by adjusting the delay between the pump and the probe, both with and 
without the FIR pulse being present. For technical reasons, related to the ability to 
temporally and spatially overlap the Ti:Sapphire pulses with the pulses from FELIX, 
it was not possible to obtain good quality data o f this effect, however, the data 
obtained are certainly suggestive.
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As can be seen in Figure 7.7 when the carriers are being heated by the FIR pulse it 
appears that the spin relaxation rate is decreased and that the lifetime is increased. 
Again this is consistent with the D’yakonov-Perel mechanism, which suggests that 
the increased momentum scattering caused by the hot carriers would tend to decrease 
the relaxation rate.
7.5 Conclusion
Whilst the experiments presented here are discussed in a very qualitative manner, it 
appears that one main conclusion can be drawn from the results presented. This is 
that the D’yakonov-Perel mechanism appears to be dominant within these 
GaAs/AlGaAs quantum wells. This conclusion is supported by the fact that the 
relaxation rate appears to decrease with electrons above the Fermi energy and that 
when the carriers undergo free carrier absorption the relaxation rate also decreases.
However, the experimental technique would need to be refined greatly for any future 
work. At present several problems exist, firstly, it would be easier to interpret the 
results if the Faraday rotation upon transmission were measured rather than 
reflectivity, however, as in chapter 4 on the Dynamic Franz Keldysh Effect, this 
would require samples with the substrate removed so that they are transparent to the 
Ti:Sapphire wavelengths. At present these are not available.
Secondly, it would better if the circularly polarised pump beam were of a much 
narrower bandwidth so that the degree of polarisation caused by the quarter 
waveplate would increase. This would ensure that the spin population produced in 
the sample were more biased and that the results would be less affected by electrons 
with the opposite spin. Considering that the spin relaxation life times appears much 
greater than 10 fs it would appear to be possible to use a Ti:Sapphire laser system 
with longer pulses to narrow the bandwidth. Unfortunately, this would also reduce 
the bandwidth over which the probe could investigate the sample, for this reason it 
may be better to use separate laser systems for the pump and probe in the future.
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Chapter 8
Spin Galvanic Effect Due to 
Optical Spin Orientation
8.1 Introduction
Electric currents have traditionally been generated by electromagnetic fields, or by 
gradients in carrier concentration or temperature, for example. In theory, however, it 
is also possible for the electron spin in a spin polarised electron gas to drive an 
electrical current, even at room temperature, if some general symmetry requirements 
are met.
In this experiment such a Spin Galvanic Effect (SGE) will be demonstrated through 
the generation of a non-equilibrium but uniform population of electron spins. The 
microscopic origin of this effect is that the two electron sub-bands (spin up and spin 
down) are separated in momentum space, and there exists an asymmetry within the 
spin-flip scattering events between the two sub-bands which temporarily causes there 
to be a non-uniform electron distribution within each sub-band. This uneven 
distribution causes a current to flow. This SGE has previously been demonstrated 
with optical excitation and through the use of external magnetic fields to achieve an
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in plane polarisation.1 However, in order to achieve the long term aim of being able 
to show its existence with only electric injection this experiment has demonstrated 
the SGE in zero magnetic field by using oblique incidence circularly polarised far 
infrared (FIR) light on an w-type GaAs quantum well structure. It should be noted, 
however, that this effect is not dependent upon using circularly polarised light and 
will be observed whenever a homogenous spin polarisation has been obtained, not 
matter through what means.
In addition, there exists a similar process that also generates a photocurrent through a 
spin dependent mechanism. This process is called the Circular Photo-Galvanic 
Effect (CPGE) and is present when a semiconductor is illuminated with circularly 
polarised light, hence the name.2,3 The photocurrent so generated has a direction and 
magnitude which depends upon the degree of polarisation of the circularly polarised 
light. Since, when studying the SGE, a spin population is induced in the sample by 
using circularly polarised light it is important to take this second effect into 
consideration. The microscopic explanation for the CPGE is that spin sensitive 
selection rules allow circularly polarised light to cause excitations that create 
asymmetric electron populations within the two bands involved in the transition.
In summary, under oblique incidence of circularly polarised infrared radiation the 
spin-galvanic effect has been unambiguously observed in quantum well (QW) 
structures in the absence of any external magnetic field. The measurements make 
use of the tunability of the free-electron laser FELIX to excite resonant inter-subband 
transitions and are performed on (OOl)-grown «-type GaAs QWs with the current 
measured along [110] and [110].
8.2 Theory
8.2.1 Spin Splitting
On a microscopic level spin orientation in systems with ^-linear terms in the 
Hamiltonian, combined with photoexcitation (CPGE) and the scattering of
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photoexcited carriers (SGE), is the cause of spin photocurrents. These may only 
occur in gyrotropic media and therefore the reduction of dimensionality caused by 
quantum wells allows spin currents to exist. This effect has been observed in GaAs,4 
InAs,5 BeZnMnSe6 quantum well structures and in asymmetric SiGe7 quantum wells.
Although it is usually ignored, it is well known that the spin degeneracy of sub-bands 
in semiconductor quantum well structures can be lifted, due to terms linear in the 
wavevector k  resulting from the spin orbit interaction in asymmetric potentials. 
There are several possible reasons for the removal of spatial inversion symmetry and 
these are Bulk Inversion Asymmetry (BIA), Structural Inversion Asymmetry (SIA) 
and Interface Inversion Asymmetry (IIA). Bulk inversion asymmetry is caused by 
the absence of an inversion centre within the bulk material comprising the well. BIA 
occurs in quantum wells made from materials based on the zinc-blende structure (e.g. 
GaAs), but is absent in SiGe structure, for example. SIA causes a lifting of the spin 
degeneracy when there is an inherent asymmetry within the heterostructure, which 
need not be related to the crystal lattice. Asymmetric doping, asymmetric shaped 
quantum wells or external electric fields are all examples of this type of asymmetry. 
Finally, IIA may also occur in zinc-blende structures and is caused by a possible 
difference in the interface of the well and the cladding on either side of the well. In 
practice IIA produces the similar terms in the Hamiltonian as BIA and distinguishing 
between the two is not always necessary.
Formally, the spin-orbit coupling which causes the A>linear terms can be represented 
with the following Hamiltonian
(8.1)
Im
where p/w is a second rank pseudo-tensor and O/ are the Pauli spin matrices,
(0
<7 =
* 1 0v y
(\
Cy ~ o -1
V  /
The net effect of this is that the band structure splits into two sub-bands (one spin up 
and one spin down), which are shifted in £-space, though it should be noted that the
(8.2)
(8.3)
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splitting is very small. Spin polarisation therefore occurs when one sub-band is 
occupied to higher energies than the other sub-band.
As long as the carrier distribution within a (sub-) band is symmetric about the 
minimum, i.e. the group velocity is zero, no current flows. If one side of the subband 
is filled to a higher energy, the extra charges form a wavepacket with non-zero group 
velocity (and hence a current) that is not cancelled by an equal and opposite group 
velocity packet.
8.2.2 Circular Photogalvanic Effect
This effect is most clearly illustrated 
(Figure 8.1) by reference to an 
interband process where only the 
lower band is split significantly. A 
similar effect is possible with an 
intersubband process and this will be 
described later. In the case of heavy 
hole to conduction band transitions 
with g+ circular polarisation, the k- 
states involved are imbalanced, 
leading to unbalanced occupation of 
the conduction band, and thus a 
current. Since the situation is 
symmetric, if the polarisation is 
reversed (a-) then the photocurrent 
is also reversed. Phonon scattering 
thermalises the electrons within the 
(sub-) band, and this dissipates the 
current.
(±1/2)
hh1
(+3/2)
hh1
(-3/2)
Figure 8.1 An example of the circular photocurrent 
galvanic effect with an interband process. With only 
one circular polarisation of light (e.g. a+) present spin 
selection rules cause the carriers to be asymmetrically 
excited from the hh\ -3/2 state to the e\ -1/2 state. 
This leads to a non-symmetric band and therefore a 
current.
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Figure 8.2 A microscopic picture of the origin of the CPGE during circularly polarised intersubband 
excitation. The current jx is caused by the imbalance of optical transition probabilities from el to e2 at 
k~ and kx+. The current will then decay with the momentum relaxation rate.
This effect can also occur with intersubband excitations, as seen in Figure 8.2. For 
o+ radiation and at a small photon energy less than the separation between el and e2 
at kx -  0, excitation occurs preferentially at positive kx. Note that for C2v symmetry 
these optical transitions are spin conserving but spin dependent.3 Therefore, at 
positive kx in the el -1/2 subband the electron population is reduced and a spin 
polarised current flows in the positive x direction. There is also a corresponding 
increase in the electron population in the e l  -1/2 subband, which causes an 
asymmetry, but this randomises quickly via optical phonon scattering and thus does 
not contribute significantly to the current. Interestingly, an increase in the photon 
energy shifts the dominating transition to negative kx and reverses the current. This
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indicates that the CPGE with intersubband absorption is proportional to the 
derivative o f the absorption spectrum /
The spin photocurrent described previously involved the asymmetry o f the 
momentum distribution o f photoexcited carriers. However, it is possible for a 
current to be driven by spin based processes even after momentum relaxation of 
photoexcited carriers. This current is possible due to an asymmetry in the spin-flip 
scattering processes o f non-equilibrium spin polarised carriers. While this effect is 
observed when the sample undergoes optical spin orientation, in principle it is also 
possible if the spins were electrically injected.
Given a pair o f spin subbands with one preferentially filled (see Figure 8.3) there 
exist four possible spin-flip transitions within the band. The spins relax by processes 
(such as phonon scattering) described in section 7.2.1 and most such relaxation 
processes depend on the momentum transfer (in the example o f phonons this is
Figure 8.3 In the SGE when one spin subband is preferentially occupied asymmetric spin-flip 
scattering events will cause a current to flow  in the x  direction. The rate o f spin-flip scattering depends 
on the initial and final A-vectors and therefore the transitions marked in bold will be equal and will 
m aintain balanced occupation within the subbands. The dashed lines denote transitions, which, as 
they are not equal, will yield an asymmetric occupation o f both subbands and thus a current.
8.2.3 Spin Galvanic Effect
L
0
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proportional to 1/q2). As shown in Figure 8.3 with solid arrows two transitions that 
link the spin down states with the spin up states will occur with the same rate and 
thus maintain a symmetric population in both subbands such that no current flow is 
caused. The two dashed transitions, however, will have different scattering rates due 
to the difference in momentum transfer. The net effect of these two processes will be 
to remove positive A* electrons from the spin down state and add negative kc 
electrons to the spin up state. Both subbands will then contribute to the current in the 
same fashion and result in a current flowing in the ^-direction.
The direction of this current depends solely on the spin polarisation and so it will 
reverse if the circular polarisation of the light is changed, however, it does not 
change if the energy of the light is altered. Also, the magnitude of the current is 
dependent on how biased the spin population is, so therefore, it will depend on the 
initial absorption strength of the light, thus after spin non-specific thermalisation the 
SGE with intersubband absorption is proportional to the absorption spectrum.
8.2.4 A Comparison of CPGE versus SGE
In summary, both mechanisms (CPGE and SGE) display the common feature that the 
current flow is driven by an asymmetric distribution of carriers in A>space within 
systems whose spin degeneracy has been lifted by ^-linear terms in the Hamiltonian. 
An important difference between the two is that the CPGE requires optical excitation 
with circularly polarised light, whereas the SGE can exist with any form of spin 
injection. The CPGE produces a spin-polarised current and depends on momentum 
relaxation. The SGE produces a non spin-polarised current, which depends on the 
spin relaxation rate, indeed if spin relaxation is absent no current will be caused. In 
principle, it would be possible to distinguish between these effects with a time 
resolved measurement of the current, though this is not presented in this thesis.
Finally, phenomenologically for C2v symmetry the spin-galvanic effect and the 
circular photogalvanic effect in x and y  directions can be given by
JcPGE,x =  Y x y ^ y E o  ^circ  ’ JcPGE,y = r , J X P < ; r ' -  ( 8 - 4 )
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(8.5)
where j  is the photocurrent density, y  and Q are second rank pseudo-tensors, E0, PCuc 
and e are the amplitude of the electromagnetic wave, the degree of circular 
polarisation and the unit vector pointing in the direction of light propagation.
The sample used in this experiment consisted of 30 w-type GaAs/AlGaAs quantum 
wells, grown on (001) by molecular beam epitaxy, with a well width of 8.2 nm and a 
free carrier density within a single well of 2 x 1012 cm'2. The sample was 
quadrilateral with the edges orientated along the [110] and [1T0] crystalline axes. 
Ohmic contacts were attached in the centre of opposite sample edges to allow j x and 
j y to be measured simply. Figure 8.4 shows the sample with the ohmic contacts and 
the experimental geometry. The el to e2 resonance occurs within this sample at
130.4 meV (9.5 pm) and the full width half maximum is 16.8 meV
Figure 8.4 Experimental geometry. With oblique incidence of radiation projections on the x  or y  
directions with unit vector e and the averaged spin S  are obtained. The current j  is recorded 
perpendicular to the direction of light propagation.
8.3 Experiment
8.3.1 Sample
' y  II [110]
xii [110]
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8.3.2 Experimental Procedure
The FIR excitation provided by FELIX was circularly polarised through the use of a 
Fresnel Rhomb and was incident upon the sample at oblique incident in the xz or yz 
plane. The photo current signals were generated in the unbiased device and were 
measured via an amplifier with a response time of the order of 1 ps. Since the 
macropulse from FELIX (see Figure 2.3) is of the order of 10 ps this means that the 
photocurrent is averaged over many micropulses within a macropulse.
The experimental procedure was relatively straightforward. This consisted of 
measuring j x || [1T0] with light incident along y, rotating the sample by 90° about z 
(the growth direction) and then measuring jy || [110] with light incident along x. The 
FIR energy was then varied over the range of 80 to 180 meV to ensure that the e\ to 
e l  resonance at 130.4 meV was covered.
8.4 Results and Discussion
As expected the observed current was dependent upon the helicity of the incident 
radiation and changed direction when the polarisation was altered from o+ to o-. In 
Figure 8.5 the observed current for both directions is plotted as a function of photon 
energy hco for a o+ polarised FIR beam. In addition the absorption spectrum of the 
sample is plotted a dotted line.
It can be seen that for the current along x || [1T0] the shape is similar to the derivative 
of the absorption and that there is a sign change which occurs at the peak absorption 
energy. When the sample was rotated by 90° about z  so that the FIR beam was 
incident along x and the current was measured along y  || [110], the sign change 
disappears and the spectrum matches the absorption spectrum more closely.
The change of sign in jx || [HO] as the photon energy is varied is indicative that the 
CPGE is dominant along that crystallographic axis. In particular, since the CPGE is 
predicted to be proportional to the derivative of the absorption, the fact that the sign 
change corresponds with the peak energy of the e \e l  transition implies that the SGE
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Figure 8.5 Photocurrent in GaAs quantum wells of 8.2 nm width normalised by the light power P  as a 
function of photon energy. Circles denote current in the [110] direction in response to radiation 
parallel to [110], Squares denote current in the [110] direction in response to radiation parallel to 
[110], The dotted line shows the e\e2  absorption of the sample measured using a FTIR spectrometer.
for this direction is relatively small for this orientation. In contrast, the lack of a sign 
change when jy || [110] is similarly measured implies that the SGE is dominant along 
that crystallographic axis. A simplified schematic of these two competing effects can 
be seen in Figure 8.6 where a simple theoretical model (that is not an attempt to fit 
the data) illustrates how the CPGE and the SGE can combine to produce the current 
observed along || [110]
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Figure 8.6 A non-rigorous calculation showing a simple theoretical model to illustrate the two effects. 
The green curve is proportional to the derivative o f  the absorption, which represents the CPGE. The 
red curve is proportional to the absorption and represents the SGE. The black curve is the sum o f  the 
two and represents the resultant current caused by the two effects.
In order to express this more formally, it is necessary to refer back to equations 8.1,
8.4 and 8.5, which are repeated here for convenience.
Since the tensors y and Q are subjected to the same symmetry requirements as p  their 
components differ only by scalar factors. Additionally, for (001) grown quantum 
wells o f C2v symmetry, in the tensor P there are two non-zero components, pxy and 
/3vt, which may not be identical for each subband. This tensor, p , can be split into 
symmetric and anti-symmetric components as follows
(8.1)
Im
circ i circ  ' (8.4)
(8.5)
(8.6)
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and
P Z  = "  • (8.7)2
where v = 1, 2 corresponds to the e l  and e l  subbands respectively. The Pbia term 
incorporates the bulk inversion asymmetry and is also called the Dresselhaus term8. 
It also includes any possible interface inversion asymmetry IIA.9 The Psia term 
incorporates any structural inversion asymmetry and is usually called the Rashba 
term.10
Now, as can be seen using all of the above equations, currents in the x direction (for 
example) are caused by band splitting in the kx direction and are proportional to Pyx. 
The reverse is true for currents in the y  direction. The overall contribution to the 
currents can be expressed as follows
L  = 4 b  l( /C  -  PZ  ) -  iPZ -  PSl % El p*c + A ge iP Z -  PZ  k , (8.8)
and
jy  = A * *  Ii P Z + P Z ) -  ( P Z + P Z  )> + a ** ( P Z + P Z h -  (8.9)
A  cpge and A Sge represent the scalar factors connecting Q and /w ith p, respectively.
Equation 8.8 and equation 8.9 both show that the magnitude of the CPGE’s 
contribution to the current is determined by the spin splitting in both subband e l and 
subband e l,  whereas by contrast, the magnitude of the SGE’s contribution is only 
determined by the lower band. Also, the equations show that in the x direction the 
current is related to the difference between $bia and Psm whereas the current in the y  
direction is related to the sum of the two terms.
In the sample tested in this experiment it appeared that the CPGE is dominant along 
the x direction, this would correspond to equation 8.8 where the difference between 
the $bia and psx4 terms is important. Conversely, the current along the y  direction 
appears to be dominated by the SGE and this corresponds to equation 8.9 where the 
sum of the terms is important.
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8.5 Conclusion
In conclusion, the spin galvanic effect has been observed unambiguously using an all 
optical excitation and without the use o f external magnetic fields. This has been 
achieved by taking advantage o f interaction between the Bulk Inversion Asymmetry 
(Dresselhaus splitting) and Structural Inversion Asymmetry (Rashba splitting) to take 
account o f the circular photogalvanic effect. These results clearly demonstrate that 
the [110] and [110] directions (shown below in Figure 8.7) are non-equivalent in a 
zinc blende material quantum well. Finally, the difference between the two effects 
(CPGE and SGE) has been clarified microscopically, despite their phenomenological 
similarities.
[ 1 1 0 ]
[110]
Figure 8.7 Four unit cells o f a zinc blende structure with the red dots representing one type o f  atom 
(e.g. Ga) and the black dots representing the other (e.g. As). The height o f  the atoms above the base 
o f  the unit cell is represented by a fraction in parentheses. The two non-equivalent directions [110] 
and [110] are illustrated with a blue and green line respectively.
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Chapter 9
Conclusions and Further Work
In this thesis the results from varied experiments involving photon energies across a 
wide range of the infrared regime have been presented. These experiments have 
investigated charge and spin dynamics in various optoelectronics materials and 
structures with spectroscopy and much useful data has been obtained. Equally 
importantly, experience has been gained in performing certain difficult experimental 
techniques and this will enable future work to be carried out far more profitably and 
efficiently. A short summary of the range of experimental results presented here 
follows.
Two lasers systems, the free electron laser and the Ti:Sapphire laser, that have been 
used in the experiments in this thesis have been discussed. The process of setting up 
and carrying out a two-colour experiment with them both has also been described. In 
particular, the difficult procedure of achieving temporal and spatial overlap between 
the two pulsed beams has been used to great effect in several experiments to obtain 
good data and it is expected to be beneficial in the future for a wide range of 
experiments.
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InAs/GaAs neutral quantum dots have been studied with a double resonance 
technique in order to determine electron and hole energy level separations 
simultaneously. It was discovered that the inhomogenous broadening within the PL 
in these quantum dot ensembles was reduced when these samples were annealed. 
The likely cause of this inhomogenous broadening, which was thus reduced, was 
suggested to be an uneven indium distribution profile across the quantum dot. This 
knowledge allows more homogenous quantum dot ensembles to be produced with 
contributions to the inhomogeneity from size and composition fluctuations only 
remaining.
An attempt to observe the Dynamic Franz Keldysh Effect using a free electron laser 
to provide an intense AC electric field that will interact with excitons generated 
within a GaAs quantum well has been presented. Features in the reflectivity 
spectrum that are induced by this AC electric field, and which are present only 
during temporal overlap with a separate probe pulse have been observed. These 
features appear to be qualitatively similar to the theoretical predictions, though a 
more detailed comparison has not yet been achieved. The next step in this area of 
research will be for theoretical spectra that correspond exactly with the experimental 
conditions to be calculated. Additionally, this procedure could be simplified if the 
experimental technique were modified to probe the effect with a transmitted beam 
rather than a reflected beam. This would simplify the interpretation of the spectra, 
which were obtained from the experiment. Of course, this is dependent upon the 
ability to obtain an appropriate sample with a substrate that is transparent to the 
Ti:Sapphire output.
In the process of investigating the time evolution of the formation of excitons, 
measurements of the THz absorption and the time-resolved photoluminescence have 
both been performed on the same GaAs quantum well sample. The strength of the 
absorption at the internal \s-2p exciton transition frequency was used as a measure of 
the density of excitons within the sample. When an interband pump laser was 
resonant with the Is exciton energy an induced absorption at the \s-2p frequency was 
clearly seen, thus identifying the creation of excitons when pumping resonantly. In 
contrast, no \s-2p absorption was seen within a time window of 500 ps when
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pumping non-resonantly in the continuum. This implies that no excitons are present 
until at least 500 ps after pumping non-resonantly, however, complementary time 
resolved photoluminescence experiments, pumping non-resonantly measured a rise 
time of -570 ps in the emission at the exciton energy. This apparent conflict 
suggests the counter-intuitive existence of luminescence at the exciton energy 
simultaneously with the absence of the \s-2p absorption as predicted by recent 
theoretical predictions.
The use of high pressure techniques to modify the band structure of semiconductors 
has been demonstrated when the spontaneous emission of 3.3 pm type I and n  light 
emitting diodes and laser structures based on InAs alloys has been studied as a 
function of hydrostatic pressure. An increase in the light output with increasing 
pressure has been observed as the non-radiative Auger processes have been 
suppressed by changes in the band structure. These Auger recombination 
mechanisms are shown to dominate the response (at ambient pressure) of the type II 
LEDs that were investigated in contrast to the type I laser structure where competing 
radiative processes may be more significant. Additionally, now that the helium 
compressor is available for experimental usage it can be used in many future 
experiments in which the properties of devices with an infrared optical output can be 
studied as a function of pressure.
There exist several possible mechanisms for spin relaxation in semiconductors and 
which mechanism is the dominant one depends on the exact properties of the sample. 
The three competing mechanisms: Elliot-Yafet, D’yakonov-Perel and Bir-Aronov- 
Pikus have been discussed and experiments have been presented which investigate 
the spin relaxation within a set of GaAs quantum wells. In this case it appears that 
the more opportunity the carriers have to scatter, the longer it takes for the spin to 
relax. This is entirely consistent with the D’yaonov-Perel mechanism. This 
particular area of research requires some modifications before future work can be 
attempted. For similar reasons as mentioned for the Dynamic Franz Keldysh Effect 
experiment, it would be beneficial to obtain a sample that is transparent to the 
Ti:Sapphire wavelengths. Transmission measurements would enormously simplify 
the quantative interpretation of the data gained from this experiment.
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Finally, two phenomenologically similar effects that can cause a current to flow 
within a GaAs quantum well sample when it is illuminated by a circularly polarised 
intraband excitation have been observed. These effects are both dependent upon k- 
linear terms within the Hamiltonian lifting the spin degeneracy. The first mechanism 
is the circular photogalvanic effect and it operates through the spin selective 
photoexcitation of an asymmetric carrier distribution within k  space. The second 
mechanism is the spin galvanic effect and it is observed whenever there is a spin 
biased population and an asymmetry in the spin flip events between two spin 
subbands leading to an asymmetric carrier distribution within k  space. By taking 
advantage of the non-equivalence of the [110] and [1T0] directions within the GaAs 
quantum well it has been possible to non-ambiguously detect both processes and 
their contribution to the overall current.
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Reflectivity Theory
10.1 Susceptibility
The first step in determining the reflectivity of a material is to look at its response to 
an electric field E. The material will respond to this field by acquiring a polarisation 
P, which, in general, can be expressed as a power series,
P = e0^ <1)E + e0^ (2)E 2 + e 0Z (3)E3 + ... (10.1)
The higher order components are generally not important unless dealing with high
electric field strengths and for a linear isotropic medium equation 10.1 can be 
reduced to the following,
*=£<>&•, (10.2) 
where % is simply a scalar.
Alternatively, the response of the system to an electric field can be defined in terms 
of the dielectric function 8,
D = eE = er£0E . (10.3)
Since the field D is defined as
D = £0E + P , (10.4)
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the relative permittivity can also be expressed as
er =l + X- (10.5)
Now, when a photon is incident upon a material it is the time-dependent polarisation 
that is of interest. Since the output of the system, P, is linearly related to the input, 
E, as shown in equation 10.2, the output can be calculated from the convolution of
the impulse response of the system with the input.
-1-00
P(t) = e0 R(t) * E(t) = e0 J  R(r)E(t -  r )d r , (10.6)
where, R(t) is the linear response function.
In general it is of more interest to know the response of a material to incident 
radiation as a function of frequency such that,
PXcq) = x (co)E'(cd). (10.7)
Hence, the following Fourier transforms are used,
= \E (f)em dt
and
-t-oo
E(t)= $ E'(a>)e~m  dm.
The polarisation is therefore
+00
P(t) = £0 jR (T)E(t-T)di:
= £„ \E \a i)e ~ m ^ ~ x^dcodT
= e0 1 jR (r)e i m dr E'(cd)e m dco
Comparing equation 10.10 with the following
+oo
P(t)= \p \a ) e ~ i(otd(0
+°° . ’
=  £0 JXi^)E\(o)e~lcotd(0
( 10.8)
(10.9)
(10.10)
(10.11)
shows that the susceptibility can be expressed as a function of frequency as follows,
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X (c o ) = J R (t)e 'm d z . (10.12)
The susceptibility, %(co), is a complex function which simultaneously describes both 
the amplitude and phase of an induced polarisation response as a function of the 
frequency of the applied electric field. The real part of the susceptibility corresponds 
to the reflectivity and the imaginary part corresponds to the absorption. Since both 
£(t) and P(t) are real it follows from equation 10.6 that R(t) must be real too and it is 
therefore possible to use Euler’s formula to separate the real and imaginary parts of 
the susceptibility.
-foo
9t[*(<0)]= J^COcos cot'dt', (10.13)
and
+ o o
3  [#(©)]= . (10.14)
It should be noted that the real part of the susceptibility is an even function and the 
imaginary part is an odd function.
10.2 Kramers-Kronig Relations
It is very useful to derive the relationship between the real and imaginary parts of the 
susceptibility as this shows the relation between reflectivity and absorption in a 
material. This relationship is an example of a Kramers-Kronig relation, that is, a 
dispersion relationship. Similar relationships can be derived for the dielectric 
function or the refractive index of a material.
In order to derive the relation Cauchy’s integral formula must be used with a closed 
contour along the real axis and around a semi circle at infinity.
f ( z )  = — i  £ ^ d v .  (10.15)
2 x i & v - z
By replacingXz) with %(co) and/(v) with %(v) in equation 10.15 and noting that R(x) 
—> 0 as t  —> oo allows the integral below to be performed in the upper half plane of v,
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Figure 10.1 Closed contour C  in complex space for integrating equation 10.16 showing the single pole 
at V = 0).
= dv- (10.16)
2m Jc v -co
As shown in Figure 10.1 there is a pole at v = co and so integrating along the contour 
C gives the following integral,
1 7  Y(v) 1X(co) = —  \X ± ± d v + - r { (D ) ,  (10.17)
2m -co 2
where r(co) is the residue o f the integrand in equation 10.16 at co.
By splitting x(co) into its real and imaginary parts and since r(co) = %(co) it follows 
that,
% [*(»)] = -  pT3 ^ (<0^  dv, (10.18)
n v — co
and
3toco)]=— ^ d v .  (io.i9) 
n i  v -co
Now, x(t°) is a complex function which describes the amplitude and phase of 
polarisation response as a function o f frequency, however, the imaginary part 
corresponds to absorption and the real part to reflection. This is useful 
experimentally as it is sometimes easier to measure one quality even though the other 
is of more interest and by using a Kramer-Kronig relation it is possible to relate the 
two. For this reason it is useful to restate equation 10.18 and equation 10.19 as 
integrals over positive values o f co only as this corresponds to real measurements. 
By substitution and some basic algebra the following two final solutions emerge,
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( 10 .20 )
and
/r i  v -co
( 10.21)
10.3 Lorentzian Absorption
As an example, assume that the absorption spectrum contains a single Lorentzian 
centred at v = v0 and with a line width y,
1
( v - v 0)2 + y  
/  !1
2 iy
1
( 10.22)
( v - v 0) - / y  ( v - v 0) + i'y)
The real part (reflectivity) o f the susceptibility can then be calculated by integrating 
equation 10.18 and closing the contour in the upper half plane as shown in Figure 
10 .2 .
Figure 10.2 Closed contour C  in complex space for integrating equation 10.18 showing the three poles 
at V =  (0, V0 + i j  and V0 - i y
Since,
P J / (v)dv = 2/rz(x Residues in the UHP + X Residues on the real axis),
(10.23)
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this implies that
'R[X(®)\ = —2m 1 1 1 1
n
1
2iy (v0 + iy) -  co 2 (to -  v0 y  + r  
co -vn
(10.24)
r((o-v0)2+ f
10.4 Reflectivity Spectrum
The power reflection coefficient can be stated in terms of the refractive index, and
thus, the dielectric constant as follows,
2
R = 1 -  n((Q)
2
\-^£(CD )
1 +  n(co) 1 + 4 £ (co)
(10.25)
Since, e(co) = e# + %(co), where eb is the background dielectric constant generated by 
the contribution of the valence electrons, it is possible to calculate the reflection 
coefficient in terms of the electronic susceptibility,
R(co) =
1 + ^ B +X((o) 
1 -
1 - Je
1 + V^b~
0  )
1+ *(©)
= R*
= Rr
1 +
(10.26)
1 +
V^B (^ B
where,
*B = 1 + J £
(10.27)
In the derivation of equation 10.26 it is assumed that |%(co)| «  for all co. Also, in 
the final step the linear term in the real part of the susceptibility is kept whereas the 
quadratic term in the imaginary part is dropped.
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Figure 10.3 An example reflectivity spectrum and the real (reflectivity) and imaginary (absorption) 
components o f  the susceptibility that generate it.
Therefore combining equation 10.26 with the expression for the real part o f the 
susceptibility in equation 10.24 leads to the frequency dependent reflectivity 
spectrum illustrated in Figure 10.3.
This shows that if there is a single Lorentzian peak in the absorption spectrum the 
reflectivity spectrum will show an antisymmetric (dip hump) feature. When dealing 
with modulated reflectivity features it is important to know the general shape o f the 
reflectivity features generated by changes in the absorption features.
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